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Abstract 
A new instrument has been developed to perform spatially resolved molecular 
analysis using laser mass spectrometry. The instrument, a "laser mass microscope", 
incorporates a differentially pumped load-lock for rapid sample introduction, a 
precision computer controlled XYZ stage for accurate sample positioning, and a high 
resolution reflecting geometry single field time-of-flight mass analyser. The 
technique of two-step laser desorption laser photoionisation mass spectrometry 
(L2MS) is used in order to enable separate optimisation of sample desorption and 
ionisation. 
The spatial resolution of the instrument, primarily determined by the diffraction 
limited spot size at the desorption wavelength employed, ranges from 10 tm (532 
nm) to 40 tm (10.6 }.lm). The mass resolution of the instrument is typically M ~! 1400 
for coronene (mlz = 300), with a detection limit at 266 nm of 0.7x10 18 mole per shot. 
The range of molecules amenable to L2MS has been extended to include non-
aromatic amino acids and aliphatic polymers, by employing femtosecond laser 
photoionisation as an alternative to single photon ionisation. A detailed description 
of the instrument and the L2MS technique is given together with the underlying 
background theory. 
The instrument has been characterised in terms of achievable spatial resolution, 
mass resolution, and detection sensitivity using a variety of desorption and 
photoionisation lasers as well as different photoionisation schemes. Desorption 
effects, such as any photochemical or photophysical consequences of employing UV 
desorption laser wavelengths as well as effects due to different methods of sample 
presentation have been investigated. An extensive set of experiments has been carried 
out (initially to explore the feasibility of employing femtosecond laser 
photoionisation) to investigate the possibility of achieving enhanced detection 
sensitivity for large molecules due to more efficient laser photoionisation. For such 
systems, fast intramolecular decay channels frequently inhibit the attainment of high 
ionisation efficiency using laser photoionisation on a nanosecond timescale. These 
experiments were carried out at the Lasers for Science Facility at the Rutherford 
Appleton Laboratory, Didcot. Several large molecules of analytical interest, such as 
porphyrins, biological molecules such as hemin and chlorophyll a, as well as amino 
acids and synthetic polymers have been efficiently ionised in this way using near-
infrared radiation (X = 750 nm). The mechanism of femtosecond ionisation for an 
aromatic amino acid tryptophan and for nickel octaethylporphyrin have also been 
investigated. 
As initial demonstrations of the capabilities of the instrument, some preliminary 
line scanning or one dimensional mapping experiments were performed. These 
included the analysis of model two-component heterogeneous surface layers, as well 
as single-fibre analysis of a model stain. 
In a separate, but related study carried out in collaboration with the Department of 
Physics, University of Rostock, a more highly energetic femtosecond laser system 
has been used to investigate the interaction of CO 2 laser desorbed C 60 and C 70 
clusters, as well as the amino acid tryptophan, with an intense (I1xl0 18 Wcm 2) near-
infrared laser field (X = 800 rim). The resulting fragmentation patterns, multiple 
charging and peak splittings are discussed with reference to possible ionisation 
mechanisms. 
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Chapter 1 
Introduction 
The spatial resolution at which target analytes can be detected is very important. 
Obviously, the higher the spatial resolution, the more detailed is the chemical 
compositional map of the surface that can be made. Such chemical microscopy has 
many important applications:- in the semiconductor industry, where chemical maps 
of integrated circuits can be used in failure analysis, in the pharmaceutical industry 
[1], for the location of administered drugs in biological tissue, and in polymer 
science [2,3,4], for monitoring the migration or aggregation of antioxidants, UV 
stabilisers, etc. 
Various forms of microscopy exist for submicron imaging, for example, scanning 
tunelling microscopy (STM), atomic force microscopy (AFM) and scanning near-
field optical microscopy (SNOM). However, although these techniques provide 
topographical information on a sample, they offer no chemical information. The most 
useful technique would be one capable of providing a chemical map of the molecular 
components of a sample. Secondary ion mass spectrometry (SIMS) is a technique 
with imaging capabilities which was originally used for elemental analysis by the 
mass detection of sputtered ionic species. More recently, it has been recognised that a 
more efficient and powerful approach is to employ a laser for postionisation of the 
neutral species, which are sputtered in excess of the ionic species. SIMS is currently 
used for molecular analysis, often employing laser postionisation. As an alternative 
to the SIMS technique, a new instrument has been built to employ the technique of 
laser desorption laser photoionisation time-of-flight mass spectrometry (L2MS). This 
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instrument, capable of high spatial resolution, employs one laser to desorb neutral 
molecular species from an often involatile or thermally labile sample, and a second 
laser to postionise those neutral species. The instrument, known as the laser mass 
microscope, incorporates accurate sample movement for investigating different 
regions of the sample, and a load-lock system for rapid sample changing. Time-of-
flight mass spectrometry [5,6] is used to provide the mass to charge ratio of the 
molecular ion as well as significant fragment ions of a sample. 
It is possible that the unknown sample in question may be involatile, thermally 
labile and of high molecular weight. It may also be present in low concentration as 
part of a much bigger, complex matrix. Several conditions must therefore be met: 
Firstly, the chosen sampling interface must enable involatiles to be put into the gas-
phase without decomposition. Then, the concentration of any ionic species produced 
must be high enough to obtain a satisfactory detection limit, without unwanted 
matrix ions interfering with the target species. Furthermore, the mass spectrometer 
employed must be capable of detecting the target species, and any fragments, with 
good mass resolution and mass accuracy. 
Not only is it helpful to obtain the molecular weight of a sample by identifying 
the parent ion peak, but in addition, structural information is also frequently required. 
For this, flexibility of the ionisation technique employed is required. A "soft" 
ionisation technique generally provides only the molecular weight of the species, via 
identification of the parent ion, whereas a "hard" ionisation technique provides 
additional structural information by causing some fragmentation the target species. 
The extent of fragmentation must be controllable. Tandem mass spectrometry using 
collision induced dissociation is a frequently employed approach. 
Selectivity in favour of the target species over any matrix, if present, is desirable, 
yet the chosen technique must still find application to many different types of 
sample. Typical organic species of analytical interest may have ionisation potentials 
anywhere between 6 and 10 eV [7], requiring fine control over the amount of energy 
input during ionisation, to prevent too much fragmentation for more easily ionisable 
species. The technique should also be able to easily employ different ionisation 
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techniques, optimally suited to different categories of sample, or ideally, use one 
fairly general ionisation method while still fulfilling the above-stated requirements. 
Traditionally, resistive heating has been used to produce an appreciable vapour 
pressure of sample for ionisation. However, the evaporation energy often exceeds 
that required to induce thermal decomposition, hence limiting the amount of useful 
information. Techniques have now been developed which provided a high rate of 
heating, which was found to be the influential factor in the degree of decomposition, 
rather than the absolute temperature reached. For example, conventional heating 
methods such as temperature programmed desorption (TPD) result in heating rates in 
the range of 1 to 10' Ks', whereas laser heating with nanosecond pulses produce 
surface heating rates of 10111012  Ks' [8]. 
The advent of particle impact desorption methods was a major step forward in the 
production of intact molecular species from involatile organics. These methods 
involve either the sputtering or desorption of ions, sometimes from a matrix, by 
surface bombardment with ions or photons. Included in this group are the techniques 
of secondary ion mass spectrometry (SIMS) [9], which is discussed in further detail 
in Chapter 5, fast atom bombardment (FAB) and laser desorption (LD). A variation 
on LD which was developed by Hillenkamp and colleagues, is matrix-assisted laser 
desorption ionisation (MALDI) [10,11 ].  Other methods, such as chemical ionisation 
(CI), field desorption (FD) and electrospray ionisation (ESI) have been useful in the 
study of large molecules. Generally, with all the above-mentioned techniques, sample 
desorption and ionisation is accomplished in a single step, with the exception of 
SIMS in postionisation mode, which has increasingly been used for molecular as 
opposed to elemental analysis 
These methods in which both desorption and ionisation occur in a single step can 
be thought of as "direct" methods. However, due to this coupling, optimisation or 
control over the two processes is difficult. For example, the desorption process may 
require a greater amount of energy than the ionisation process, hence it is hard to 
control the degree of fragmentation of the molecular ion. Alternatively, as in the case 
of soft ionisation techniques such as electrospray or thermospray, little fragmentation 
is induced. Due to the lack of selectivity of the ionisation process, the matrix species 
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can also be ionised, often resulting in a very complex and congested mass spectrum. 
In the case of MALDI, the target analyte must first be mixed with an appropriate 
matrix, normally consisting of a variety of components. This sample preparation 
stage is not only time-consuming (in finding the correct content and ratio of matrix 
species), but also means that "real-world" samples within their own host environment 
may be impossible to study. Furthermore, different desorption/ionisation conditions 
may result from slight variations in matrix preparation, making reproducibility often 
difficult. 
However, the principal disadvantage of coupled, direct desorption/ionisation 
methods, is the small yield of ions. Most of the desorption processes result in the 
production of more neutral species than ions, indeed a ratio of around 10' : 1 neutrals 
to ions has been reported [12] for laser power densities around 106  Wcm 2 . As a more 
efficient alternative, the nascent (direct) ions can be ignored and the more abundant 
neutrals ionised by a second laser. This process of employing one laser to desorb 
intact neutral molecules from a solid sample, then subsequently employing a second 
laser for photoionisation, is the basis of the technique described in this thesis. This 
approach is often referred to as two-step laser mass spectrometry (L2MS). By 
separating desorption and ionisation both spatially and temporally, then these 
processes may be separately optimised to suit the particular type of molecule under 
investigation. Indeed, the type of ionisation laser and operating power density 
employed can be very different to that used for laser desorption. Hard ionisation 
conditions can be obtained by employing a high ionising laser power, whilst the 
transition to soft ionisation conditions can be simply achieved by reducing the power 
(varying the time delay between the lamps and Q switch of a Nd:YAG laser, or by 
the use of neutral density filters). 
Several alternative techniques can be used for laser ionisation, especially with the 
ongoing technical developments using pulsed laser systems. The most general and 
widely applicable of these is single-photon ionisation (SPI). This involves the 
absorption of a single, high energy vacuum ultraviolet (VUV) photon. The VUV 
photon energy is chosen to be sufficiently high that it is greater than the ionisation 
potential of the target molecule, but has little excess energy available to induce 
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fragmentation. However, the practical aspects of this technique are far from simple. 
Oxygen in the atmosphere is an efficient absorber of VUV light, and hence it is 
necessary to operate using evacuated beam paths. Expensive specialist optics are also 
required for transmitting such short wavelength light. 
A more practical approach for laser photoionisation is the use of multiphoton 
ionisation (MPI). This involves the absorption of two or more photons, which tend to 
be in the visible or ultraviolet region of the spectrum. The combined photon energy is 
chosen to ensure that it exceeds the ionisation potential of the target analyte. Visible 
and ultraviolet laser radiation is much more convenient to work with and more 
readily available. A further feature of some lasers, such as dye lasers and increasingly 
solid state lasers, which may be exploited to considerable advantage, is their 
tunability. The wavelength of the laser can be chosen to match a real excited 
intermediate electronic state of the analyte. This results in resonance-enhanced 
multiphoton ionisation (REMPI), providing a substantial increase in ionisation 
efficiency, and hence ion signal. As well as sensitivity, optical selectivity is a feature 
of REMPI, (as well as the use of near-resonant ionisation wavelengths). With this 
approach, the chosen components of a complex mixture may be preferentially ionised 
and detected. This technique is also capable of providing isomer discrimination [13]. 
A more recent development in laser technology, is the production of ultrafast 
pulses, on the femtosecond and even more recently, the attosecond [14] timescale. 
Such ultrafast laser pulses have been employed for studies of the ionisation, and 
indeed the multiple ionisation, of atomic species [15]. The mechanisms by which 
femtosecond ionisation takes place have been theorised and are still being argued 
over. The extension of ionising large, polyatomic organics with ultrafast pulses has 
begun, but the mechanisms of which are under even more dispute than the atomic 
counterparts. Originally, such pulses were fast but of low energy, but now the 
production of fast pulses of high energy is possible, leading to a phenomenon 
generally known as "strong field ionisation". 
The technique of two-step laser mass spectrometry was pioneered by three 
independent research groups in the mid 1980's, namely Schlag [16], Lubman [17] 
and Zare [18]. The first two groups made use of a pulsed supersonic expansion to 
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transport the desorbed neutrals to the ionisation source. In contrast, Zare's group 
carried out laser desorption within the ionisation source and laser photoionisation 
directly above the sample. It is the second of these approaches which was employed 
in the work reported in this thesis, due to the greater sensitivity it provides. A high 
amount of dilution occurs in the expansion jet, indeed it has been estimated that as 
little as 0.1 % of the desorbed species are entrained into the molecular beam [19]. 
A final feature of L2MS which would be extremely beneficial in the molecular 
analysis of "real-life" samples, would be the development of an instrument which 
could scan a sample, whilst monitoring its molecular distribution, in either one, two 
or indeed three dimensions, thereby providing a map of the surface chemical 
composition. Techniques such as SIMS are capable of performing this type of 
analysis on polymers, as the incident ion beam on the sample can be as small as 50 
nm[20]. 
It was the development of a new L2MS instrument, capable of performing 
chemical mapping with high spatial resolution, which formed the principal topic of 
study for this thesis. Figure 1-1 is a photograph of this instrument with a carbon 
dioxide laser on the table above the instrument frame. The laser system in the 
background is the femtosecond laser system found at the Rutherford Appleton 
Laboratory where most of the femtosecond experiments described later in this thesis 
were carried out. 
In order to achieve chemical mapping with high spatial resolution, a number of 
developments to the established technique were necessary. Since it is the desorption 
laser spot size which defines the achievable spatial resolution, it was necessary to 
employ a laser wavelength which could be focused to a small size, but not so small 
that the detection sensitivity was significantly compromised. This meant moving to 
laser wavelengths in the UV, and it was also necessary to investigate possible 
photophysical and photochemical consequences, such as excessive fragmentation. 
Due to the unavoidable loss in detection sensitivity whilst performing spatially 
resolved analysis, methods of increasing the overall sensitivity were investigated. 
These included the use of femtosecond laser pulses for photoionisation, which has 
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In the following chapter a more detailed outline is given of the three basic 
processes involved in performing L2MS, namely desorption, ionisation and mass 
analysis by time-of-flight mass spectrometry, along with some of the factors which 
must be considered when employing these processes. Chapter 3 gives details of the 
vacuum system of the new mass spectrometer itself, along with descriptions of the 
various desorption and ionisation laser systems employed in this work. It also 
outlines the experimental procedure, including timing control of the lasers and 
methods used for data accumulation and display. 
Chapter 4 describes the first experiments which were necessary to determine the 
characteristics of this instrument, such as mass resolution and sensitivity, along with 
some of the developments subsequently made. Chapter 5 is concerned with the 
development of the instrument into performing high spatial resolution experiments 
by one-dimensional scans of some model systems. It also describes how the spatial 
resolution of the system was determined. 
Chapter 6 and 7 deal with femtosecond photoionisation; Chapter 6 is concerned 
with some of the theoretical aspects of femtosecond lasers, such as pulse production, 
compression and subsequent amplification. Chapter 7 reports on the results of 
employing femtosecond pulses, obtained from the femtosecond laser system at the 
Rutherford Appleton Laboratory, as short as 50 fs. at 750 nm, at an intensity of lO 
Wcm 2, for the photoionisation of large, polyatomic systems such as 
metalloporphyrins, and various non-aromatic systems, such as aliphatic amino acids 
and aliphatic polymers. Such non-UV chrornophoric species have not previously 
been amenable to L2MS with nanosecond pulses where MPI is operable. These 
experiments prove the extremely wide applicability of this type of photoionisation, 
and suggest its use in further spatially resolved experiments, due to its wide range 
and high ionisation efficiency. 
Chapter 8 describes some slightly different experiments carried out at the 
University of Rostock on the photoionisation dynamics of the fullerenes C (,Ø and C 7 , 
in strong laser fields. Pulsed infrared laser desorption was used to generate a high 
gas-phase density of these molecules, which were then postionised using an intense (I 
lOts Wcm 2) femtosecond laser system. Delayed ionisation of C (J and C 7, was 
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observed using only the CO2  laser. Photoionisation of the laser desorbed thermally 
excited molecules resulted in fragmentation of the molecular ions, due to the loss of 
several C2 units, for both fullerenes, as well as peaks due to carbon cluster ions C21  to 
C' 5 . Two effects of femtosecond laser excitation were investigated; variation of the 
laser pulse energy and variation of the laser pulse length. 
Chapter 9 concludes the work with a summary of the advances made, along with 
suggestions of how the instrument might be developed in this area of spatially 
resolved molecular analysis which has been commenced here. 
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The technique of laser desorption laser photoionisation mass spectrometry 
involves three main stages; desorption of intact neutral molecules, photoionisation to 
provide molecular ions and varying degrees of fragmentation, and finally analysis by 
time-of-flight mass spectrometry. This technique proves advantageous since each of 
these stages can be optimised separately. 
In this background chapter each of these three individual stages is discussed in 
turn. The mechanisms and models proposed for the laser desorption of solid, 
involatile species resulting in the production of neutral, gaseous molecules are 
discussed first. Secondly, details are given on the various types of laser 
photoionisation schemes which have been employed in this work, using both 
nanosecond and femtosecond pulsed laser systems. Finally, the operating principles 
behind time-of-flight mass analysers used in conjunction with laser desorption and 
laser ionisation are discussed. 
2.2 Laser Desorption: Background and Mechanisms 
2.2.1 Introduction 
In the work described in this thesis, laser radiation at a wavelength of either 10.6 
jim or 1.064 jim has been employed for desorption of adsorbates, principally from 
stainless steel supports. The 10.6 jim infrared radiation was provided by a CO 2 laser, 
and the 1.064 jim radiation was provided by the fundamental output of a Nd:YAG 
laser. Laser desorption may be defined as the use of short, intense pulses of laser 
light to effect the vaporisation of intact neutral molecules, or as in the case of 
Chapter 2. Background Theory 	 14 
MALDI, intact molecular ions. The principal advantage of laser desorption is the 
ability to vaporise thermally labile species, such as biomolecules, without 
decomposition. Posthumus et al [1] were the first to demonstrate the use of pulsed 
CO2 laser radiation for the successful vaporisation of involatile and thermally labile 
large organic molecules, such as oligopeptides. 
Various types of models and theories of laser desorption have been proposed due 
to the many different experimental conditions which may lead to different types of 
mechanisms. Factors such as laser wavelength and power, type of substrate and 
adsorbate thickness, all greatly affect the desorption process in their own way. The 
recent advancements in femtosecond laser technology have resulted in the need to 
consider desorption laser pulse length as a further factor which may affect the type of 
desorption mechanism deemed appropriate. 
It can be seen that three main modes of laser desorption from surfaces are 
possible; namely matrix-assisted laser desorption, which is usually effected by UV 
laser radiation, resonant desorption directly coupled to the adsorbate without the 
presence of an absorbing matrix and laser-induced thermal desorption involving 
substrate heating. 
It is the non-matrix mechanisms which are relevant to the type of work described 
in this thesis. The various models within these main groups can be found under one 
of the following headings; resonant desorption [2], shock-wave desorption [3] 
(similar to mechanical desorption), a thermal equilibrium model [4] and a non-
equilibrium model [5] of desorption. Each of these shall be discussed in turn. 
2.2.2 Resonant Desorption 
This type of desorption involves the input of photons in resonance with a 
vibrational mode (JR excitation) or electronic state (UV excitation) of the surface or 
adsorbate under examination. The photoactive internal molecular vibrational mode 
usually has a much higher vibrational frequency than the modes directly associated 
with the molecule-surface bonds. A theory of laser-stimulated desorption of 
molecules via electronic excitation of adsorbates was proposed by Lin et al [6]. They 
describe how the incident vibrational excitation energy can be transferred among the 
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adsorbate molecules by vibrational-vibrational energy transfer, and that if in the 
initial photoexcitation step the molecule can be pumped to a high enough vibrational 
level, desorption can occur. 
Natzle et al [2] have studied the resonant UV desorption of a thin film of nitric 
oxide from a silver substrate, and explain the process as non-thermal energy transfer 
from bulk to surface followed by desorption. In their conception, a photon is 
absorbed within the film, then the excitation moves by resonant electronic or 
vibrational energy transfer and decays at the surface, causing desorption. 
Although resonant UV desorption has been used for the selective desorption of 
molecular species from mixtures [7], there can be some disadvantages associated 
with UV desorption for mass spectrometry. The fact that the energy of a single UV 
photon is comparable to a chemical bond, increases the possibility of an excited 
molecule dissociating or reacting photochemically. 
Matrix-assisted laser desorption ionisation (MALDI) is a form of resonant 
desorption where the analyte is transparent to the incident light and some strongly 
absorbing compound is mixed with the analyte. This matrix material strongly absorbs 
the desorption laser wavelength and is electronically excited, transferring energy to 
the analyte molecules causing them to desorb. This technique was first reported in 
the literature in 1985 by Karas et a! [8] who observed an increased ion signal for the 
amino acid alanine when mixed with a second amino acid tryptophan and desorbed at 
266 nm over that obtained for alanine alone. The mechanism of MALDI has always 
been under great dispute and it is still not known whether ions exist as pre-formed 
species in the solid state or are formed by ion-molecule reactions initiated by the 
laser or, as Lehmann et al [9] have suggested recently, ions are formed by a 
combination of both methods. 
2.2.3 Shock-Wave Desorption 
In the shock-wave model, rapid thermal expansion is thought to cause desorption 
of molecules by momentum transfer [10]. It is a mechanism applicable to extremely 
high heating rates of samples with a large penetration depth. This model was first 
proposed by Lindner and Seydel [3], who irradiated a quartz substrate coated with a 
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saccharide with 266 nm light incident on the quartz side of the sample. Laser power 
densities of around 1011  Wcm 2 were employed, which caused heating rates of around 
10 Ks'. This heating produced a shock wave which traversed from the rear of the 
solid surface and led to the desorption of intact molecules via vibrational disturbance 
of the binding potentials. This technique offered extremely soft ionisation conditions, 
i.e. very little fragmentation was observed, due to the high heating rate which meant 
there was not enough time for the molecules to absorb sufficient internal energy. 
Harrison et al [I I] have studied CH313r molecules photodesorbed from a LiF 
substrate with UV light. They hypothesised that photodesorption may be due to a 
photoacoustic disturbance which subsequently propagates to the surface, where high 
local phonon densities cause desorption. LiF is transparent at these UV wavelengths 
but colour centre defects, which fluoresce strongly when the crystals were irradiated, 
were proposed as the chromophores for UV absorption. 
A mechanism similar to the shock-wave driven model, is that of mechanical 
desorption [12]. In this process, laser-induced inhomogeneous heating of thick 
samples produces thermal expansion, resulting in mechanical stress and 
disintegration of the sample with the ejection of molecules into the vapour phase. 
2.2.4 Non-Equilibrium Model 
In 1987 Zare and Levine [5] introduced a general theory which suggested that 
laser-induced thermal desorption was a non-equilibrium process, where the available 
energy breaks the substrate-adsorbate bond rapidly but does not randomise 
throughout the adsorbate bulk on the time scale of the desorption event. This was due 
to the frequency-mismatch of the weak substrate-adsorbate van der Waals bonds with 
the much stronger adsorbate covalent bonds. During rapid laser heating, energy can 
flow between surface phonon modes of the substrate and the weak physisorption 
bonds between substrate and adsorbate, but a "bottleneck" occurs in the energy flow 
from these weak bonds to the strong, higher frequency chemical bonds in the 
adsorbate. 
In this model, desorbed species are expected to leave the substrate as internally 
"cold" due to very little/no energy transfer to the bulk. Voumard et al [13] have 
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measured the rotational and vibrational temperatures of IR-desorbed aniline 
molecules and found that these were significantly lower than the surface temperature 
at the time of desorption. This led to the conclusion that a "bottleneck" mechanism 
was in operation, due to the internally "cool" desorbed molecules. 
2.2.5 Thermal Equilibrium Model 
In both the thermal equilibrium and non-equilibrium models, it is the substrate, 
metal [14] or insulator [15], which acts as the chromophore in taking up the incident 
energy. In the case of metal or semiconductor substrates, absorbed optical energy is 
converted into thermal energy within picoseconds and surface temperatures in excess 
of 1500 K can be reached on the time scale of the laser pulse duration [16]. 
In this interpretation of the desorption process, it is thought that it is possible to 
heat the substrate so fast that the adsorbate-substrate surface bond can be broken 
(desorption) before cleavage of the internal bonds of the adsorbate (decomposition) 
occurs. Indeed, at a typical heating rate of lO  Ks 1 , the time required to reach surface 
temperatures above 1500 K is short compared with the time required for many 
surface reactions [14]. In general, for heating rates in excess of 106  Ks- ', desorption 
becomes dominant over decomposition. 
The thermal equilibrium model is based on the fact that for the same molecule 
adsorbed on a surface, the rates of desorption and decomposition show a different 
temperature dependence. This competitive kinetic model requires the adsorbate-
substrate system to be in complete equilibrium and for the adsorbate to leave the 
surface with an energy equivalent to the surface temperature. In such an equilibrated 
system, decomposition and desorption are therefore competing channels for energy 
disposal. Equation 2-1 and Equation 2-2 represent Arrhenius-type equations 
describing the rate of desorption of neutral species and the rate of generation of 
thermal degradation products, respectively. The subscripts des and dec represent 
desorption and decomposition; v is the preexponential factor and E is the activation 
energy. Depending on the preexponential factors and the activation energies, one or 
the other rate may dominate at a given temperature. For example, for methanol on Ni 
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(100), the rate for desorption starts to overtake the decomposition rate at around 250 
K[10]. 
kdes = Vdev . exp 
- EdeS f LRT 
Equation 2-1 
kdec = VdeC . expl 
- EdCC f RT 
Equation 2-2 
More recently, evidence has been reported supporting the thermal-equilibrium 
model in preference to the "bottleneck" model. Maechling et al [17] concluded that 
the desorption of aniline-d7 from a sapphire surface occurs with the sapphire surface 
being in full equilibrium with the aniline molecules. They argue that the translational 
energy distribution of the desorbed molecules follows the temperature of the surface 
at the time of desorption, hence no bottleneck has occurred between substrate and 
bulk of adsorbate. It was noted, however, that in both this study on aniline and that 
carried out by Voumard et al [13], the temperature of the surface was not measured 
directly. Zenobi's group have very recently attempted to measure this temperature in 
a more direct fashion [18] and from this concluded that the desorption of aniline 
could in fact be described by thermal equilibrium kinetics. 
A further point to be noted when considering desorption is the increasing 
availability of femtosecond lasers which has recently led to their use for laser 
desorption of species. It would appear that a new desorption mechanism, distinct 
from those previously described for nanosecond desorption, is operative in this 
regime [19]. 
Chapter 2. Background Theory 	 19 
2.3 Laser Photoionisation 
2.3.1 Introduction 
The laser desorption process produces a plume of neutral and ionic species, 
present in a ratio ~! 104:1   for a typical power density of 108  Wcm 2 . In single step laser 
mass spectrometry, where only one laser is used for both desorption and ionisation, 
only the nascent ions, i.e. those formed from the single laser pulse are detected. In a 
two laser experiment, postionisation at a later time and different spatial volume, takes 
advantage of the greater neutral to ion ratio. The temporal delay between desorption 
and ionisation may range from a few microseconds to tens of microseconds, 
depending on the desorption wavelength and power density. Laser ionisation 
normally takes place a few millimetres above the sample surface, as this is where the 
highest concentration of desorbed species are found. 
A number of alternative laser photoionisation schemes can be employed. Both 
single-photon and multi-photon processes have been used with nanosecond 
pulselength lasers. More recently, there has been increased use of ultrashort 
pulselength lasers (tens of femtoseconds) for the ionisation of diatomic, triatomic as 
well as some polyatomic systems. The exact mechanisms by which femtosecond 
photoionisation occurs are still open to much debate, and depend critically on the 
laser power density. Several mechanisms have been suggested, including 
multiphoton ionisation at lower power densities. 
A schematic diagram of some of the different ionisation schemes is given in Figure 
2-1. Obviously, ionisation can only occur when the energy of the incident photon(s) 
exceeds the IP of the atom/molecule. The IP of the type of organic, polyatomic 
molecules commonly studied by two laser mass spectrometry lies in the range 6-10 
eV. It can be seen that the most direct of these schemes is single-photon ionisation 
(see Figure 2-1, part i) where one high energy photon is sufficient to overcome the 
ionisation potential. Although this ionisation scheme is the simplest, the fact that 
such short wavelength radiation (207-124 nm 6-10 eV) is absorbed by oxygen and 
water in the atmosphere so strongly, means that this radiation must be generated and 
propagated either under vacuum or in an inert gas atmosphere. The set-up and use of 
vacuum ultraviolet (VUV) laser sources is hence a non-trivial matter. 





Figure 2-1: Schematic representation of various photoionisation processes. I): single photon 
(direct) ionisation- SPI, ii): non-resonant mulitphoton ionisation- MPI, iii): one colour 
resonance-enhanced multiphoton ionisation (1+1) REMPI, iv): (1+1') REMPI, v): (2+1) 
REMPI. Virtual states are indicated by a dashed horizontal line, real excited electronic 
states by a horizontal line 
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As a consequence, multiphoton ionisation (MPI) is a routine and widespread type 
of photoionisation scheme. This process involves the absorption of two or more UV 
or visible photons, the sum of the photon energies of course must be greater than the 
IP of the molecule. There are many types of commercially available laser sources for 
this type of ionisation scheme; Nd:YAG lasers operating at 266 nm in the UV and 
dye lasers tunable in the UV and visible range, to name only two. These lasers can be 
operated in air, hence avoiding some of the practical difficulties associated with 
VUV laser sources. 
The technique of multiphoton ionisation can be divided further into two groups, 
namely resonant or non-resonant photoionisation schemes. The former can offer 
increased detection sensitivity due to the resonance-enhancement caused by 
absorption of photons via an intermediate electronic state of the analyte molecules. 
Both types of ionisation schemes may involve the absorption of a variable number of 
photons. 
2.3.2 lonisation With Nanosecond Pulses 
Although single-photon ionisation using VUV photons is a very general and non-
selective method, providing soft ionisation, some types of multiphoton ionisation 
(MPI) processes can be highly selective for certain types of molecules and can also 
permit control over the degree of fragmentation of the molecular ion. 
Equation 2-3 represents a general expression for the rate of an n-photon 
absorption process, W, where a,, is the cross-section for n-photon absorption (cm 2 s 
')and I is the instantaneous photon flux (photons cm 2 s 1 ). 
= a,,  
Equation 2-3 
When this equation is transformed into logarithmic form, a photoion yield power 
dependence plot can be obtained if fixed wavelength ionisation is employed. A plot 
of In W (or the logarithm of the photoion signal) against in I should give a straight 
line of slope n. Linearity is only observed for low photon fluxes where saturation 
effects do not come into play. This type of power dependence plot was attempted for 
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some of the data obtained during the femtosecond photoionisation experiments on 
tryptophan, as described in Chapter 7. 
The simplest multiphoton process is two-photon non-resonant MPI, which is a 
non-selective process, illustrated in Figure 2-1, ii). This involves the simultaneous 
absorption of two photons via a "virtual" intermediate state of the molecule. This 
virtual state is not a real eigenstate of the molecule in that it has no measurable 
lifetime. It is frequently represented as a dotted line at the terminus of the first photon 
in diagrams such as that in Figure 2-1. Quantum mechanically the cross-section for 
non-resonant two-photon absorption represents an infinite sum over all possible 
intermediate states which represent allowed electric dipole transitions from and to the 
initial and final states (see Equation 2-4 where E is the radiation field strength and it 
is the transition dipole moment). 
R
= 1
E  2 	
(1 I1ui)(iI1ul 2 ) 
2 hco  
Equation 2-4 
Such processes require the simultaneous absorption of two photons by the system. 
The absorption cross-section for such two photon processes is very low, only 10 0 
cm-2 [20], meaning that the photon flux must be high to offset the extremely low 
probability of absorption by the ultrashort-lived state. The employment of too high a 
flux can cause problems due to ionisation and/or fragmentation of residual gas in the 
mass spectrometer. 
Greatly enhanced ionisation efficiency can be achieved if the first photon is 
resonant with a transition to a real intermediate electronic state. Now the overall 
process involves sequential not simultaneous absorption of two photons and the 
absorption cross-section for such a transition is increased by at least six orders of 
magnitude [21] over that for a coherent two-photon process. This means that lower 
laser power densities can be used for such resonance-enhanced multiphoton 
ionisation (REMPI) processes, providing much more control over the extent of 
fragmentation, if any. 
The selectivity offered by REMPI is important for the analysis of complex 
mixtures. For example, the mass distribution of polycyclic aromatic hydrocarbons is 
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wavelength dependent. A laser ionisation wavelength of 308 nm is near-resonant 
with excited electronic states of higher molecular weight PAHs, but off-resonant with 
those for the smaller PAHs, where an ionisation wavelength of 245 nm is employed 
[22]. Clearly molecules can be analysed within their host matrix if one can employ a 
laser photoionisation wavelength at which the analyte absorbs more strongly than the 
matrix. 
Most commonly one of the two-photon resonant processes, shown in Figure 2-1, 
is employed. In both cases, one photon excites a molecule from the ground state to a 
singlet excited state, then in the case of (1+1) REMPI (see Figure 2-1, iii), a second 
photon of the same energy as the first, is used to photoionise the molecule. In the 
case of (1+1') REMPI (see Figure 2-1 iv), a second photon of a different energy is 
used for photoionisation. The first of these methods is experimentally simpler to 
perform as it does not require the spatial and temporal overlap of two different 
wavelength laser beams. A further use of the optical selectivity offered by REMPI is 
that of isomer discrimination. The amino acid isomer pairs Leu-Tyr and Ile-Tyr have 
been discriminated between using an ionisation wavelength of 193 rim by metastable 
ion production, whilst this was impossible at 266 nm [23]. 
The final MPI scheme shown in Figure 2-1 corresponds to two-photon absorption 
via a virtual state to reach a real intermediate state, from which absorption of a third 
photon leads to ionisation (see Figure 2-1 v). This process has a lower ionisation 
efficiency than the two-photon REMPI (R2PI) processes, due to the involvement of 
the intermediate virtual state at the two photon level. 
A molecule excited to a real intermediate state, generally the first excited singlet 
state(S 1 ) has a number of decay pathways. These involve: a) collisional deactivation, 
b) radiative decay, c) intramolecular vibrational relaxation, and d) intersystem 
crossing. The competition between these decay channels and further excitation from 
the intermediate state to the ionisation continuum, and hence the magnitude of the 
ion signal detected depends on the type of compound under study. In general, 
excluding collisional deactivation, which is not important at the ion pressures 
typically employed in these experiments, the rate of the decay channels increases 
with increasing molecular weight. 
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Two extremes of this competition are between further photon excitation to the 
ionisation continuum and decomposition of the excited state to form neutral 
fragments. These two cases have been labelled by Gedanken et a! [24] as Class A and 
Class B behaviour, respectively. Class A molecules can be ionised to form the 
molecular ion prior to fragmentation, whereas Class B molecules generally fragment 
via some dissociative channel at a rate which exceeds the absorption of a second 
photon; these neutral fragments are then subsequently ionised. The molecules studied 
in this thesis were generally Class A molecules. 
Multiphoton ionisation is a technique which can be used to tune the degree of 
fragmentation observed in a mass spectrum. "Soft" ionisation, at a power density 
near the threshold for molecular ion formation can be employed when a readily 
interpretable mass spectrum is required. For further structural information on the 
molecule, it is only necessary to increase the laser power ("hard ionisation"), 
inducing different fragmentation reactions by the absorption of further photons in the 
molecular ion. Several mechanisms [25, 26] have been put forward to explain the 
mechanism for fragmentation caused by multiphoton interactions, but it is the "ladder 
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Figure 2-2: Ladder-switching  model of multiphoton ionisation and fragmentation. 
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This "ladder switching" model involves the absorption of two or more photons by the 
neutral molecule leading to photoionisation. At sufficiently high photon densities, the 
molecular ion can absorb one or more additional photons. This photon absorption 
results in the production of highly excited ions which can undergo fast unimolecular 
decay, resulting in a competition between dissociation and further photon absorption. 
The timescale of unimolecular dissociation according to statistical models is 
sufficiently short (10h1  s) to compete with photon absorption from nanosecond laser 
pulses. The system can then switch to a different ladder of products which can in turn 
undergo further photon absorption, until fragmentation dominates and the system 
undergoes a further ladder switch. 
2.3.3 Femtosecond Photoionisation 
The use of femtosecond laser radiation including its production, measurement and 
application, is a whole subject in itself, and is discussed in greater detail in Chapter 6 
and Chapter 7. Indeed the mechanism of femtosecond photoionisation is still not 
fully understood at this time. This type of photoionisation is likely, however, to play 
an increased role in the future development of laser mass spectrometry. 
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2.4 Time-of-Flight Mass Spectrometry 
2.4.1 Introduction 
Time-of-flight mass analysers are ideally suited to pulsed laser desorption 
postionisation experiments, due to the ability to record a complete mass spectrum for 
a single ionisation laser pulse, as well as the simplicity and ease of construction of 
such analysers, together with the high ion throughput and theoretically unlimited 
mass range [28]. However, there are several factors which may degrade the 
performance of the TOF spectrometer. These factors are discussed in Section 2.4.2 
along with ways of minimising their effects. 
A single extraction field in the source region with a single-stage reflecting 
geometry TOF mass spectrometer (reflectron) was used in the work reported in this 
thesis. 
The fundamental components of a TOF mass spectrometer are the ion source, the 
drift region (or flight tube) and the detector. In the case of a single extraction field 
linear TOF mass spectrometer, ions are formed in the source and are immediately 
extracted by a fixed potential. This electric field accelerates the ions into a longer, 
field-free drift region. In the ideal case, all ions enter the drift region with the same 
kinetic energy (KB). This is given by, 
KE = zeEs 
Equation 2-5 
Where e is the charge on an electron, z is the number of such charges, E  is the 
electric field and s is the distance between the point of ion formation and the ground 
plate in the source region. 
The ions entering the drift region with the same kinetic energies will have 
velocities that depend on their mass, m: 
= 
FL2zeE s s 
Equation 2-6 
The time (t) required to traverse the drift region (of a length, D) will therefore also 
depend on the mass of the ion: 
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F,zel~, st=D  
Equation 2-7 
A spectrum recorded in time can be directly converted to a mass spectrum by 







Mass calibration of a TOF mass spectrum is carried out by fitting the time of 
arrival for ions of known mass using Newton's equations of motion. The time of 
arrival of an unknown species can be fitted to the correct mass using the function, 
t = a + bm 2 
Equation 2-9 
where a and b are constants. Calibration is generally performed using internal 
standards which give well-characterised mass peaks. 
2.4.2 Resolution Limiting Factors 
The ability of a mass spectrometer to distinguish between ions of different masses 
is known as its mass resolution. This is reflected in the temporal width of the ion 
signal obtained for a single mass. In an ideal situation, all ions of the same mass 
would have the same arrival time. However, this is impossible, due to various 
factors, such as the finite size of the ionising laser and differences in initial ion 
velocities. Clearly, an instrument with high mass resolution will display a narrower 
spread in arrival times for ions of the same nominal mass. The mass resolving power 
(resolution) of a TOF mass spectrometer is defined in Equation 2-10 where in is the 
ion mass, Am is the full width at half maximum (FWHM) spread in the ion packet 
mass, t is the ion flight time and At is the temporal width at FWHM of the ion packet. 
Am 2At 
Equation 2-10 
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However, it is not only the differences in flight time of ions of the same mass which 
must be considered in defining mass resolution. A high mass resolving instrument 
will be able to distinguish between two masses, in and m+1, where the two masses 
are of high molecular weights. 
It can be seen, therefore, that a long ion flight time as well as a narrow temporal 
spread in the ion packet, result in a higher mass resolution. The ion flight times are 
dependent on parameters such as the path length of the analyser and the amount of 
initial kinetic energy supplied, due to the electric field between the repeller and draw-
out grid. The temporal width of each ion packet is broadened by the initial spatial, 
temporal and kinetic energy distributions of the ion, and by the speed of the detector 
and data acquisition system. The possible broadening mechanisms are discussed 
here. 
Spatial Resolution 
If a laser could be focused to an infinitely narrow plane or to a single point, then 
all ions of the same mass would be formed at that one point in space. However, the 
finite spatial volume of a laser beam renders this impossible. Some ions will be 
formed at the leading edge of the pulse, whilst others are created by the trailing edge. 
This means that ions of the same mass are formed at different points in the source 
region, thus extracting different amounts of kinetic energy from the electric field. 
Ions are extracted away from the repeller plate in the same plane as the electric field 
gradient, with the electric field at its greatest closest to the repeller. Those ions 
formed at the leading edge of the pulse, furthest from the repeller plate, extract the 
least kinetic energy, whilst those at the trailing edge, closest to the repeller, extract 
the greatest kinetic energy. These two packets of ions will enter the field-free drift 
region at different velocities. 
This type of resolution degradation can be reduced by use of a focused or 
apertured laser beam, which will limit the spread in source potentials over which ions 
are formed. Spatial broadening is the main limiting factor on the achievable mass 
resolution in simple linear TOF instruments. The spatial resolution can be improved 
by use of a two-stage Wiley-McLaren ion extraction/acceleration region [29]. 
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In a simple, single accelerating field instrument there is a point in the field-free 
drift region at which the decrease in flight-time due to the larger velocity of ions 
formed at higher source potentials is compensated for by the increased distance over 
which they have been accelerated. Ions formed at two spatial regions are focused to a 
common point at the same time at this space focus. If the ion detector is positioned at 
this point, an energy-compensated mass spectrum can be obtained. However, for a 
single-stage source this distance is too short to be practical. Use of a two-stage 
extraction/acceleration field allows the position of the space focus to be shifted by 
variation of the electric fields. This results in much longer flight times and allows the 
mass spectrometer to be refocused by adjustment of the fields in the source region. 
Temporal Resolution 
The limitation on temporal resolution is usually determined by the temporal width 
of the laser pulse. Two ions may be formed at the same spatial point and hence 
extract the same kinetic energy from the electric field, yet be formed at different 
times within the same laser pulse. If one ion were formed at the start of the pulse and 
the other at the end of this pulse, then they would both travel at the same velocity but 
arrive at the detector at times separated by At, where At is the temporal width of the 
laser pulse. 
This temporal broadening can be minimised by increasing the overall flight time, 
either by decreasing the accelerating voltage or increasing the drift tube length. In 
this way, differences in overall flight time become less significant. A lower 
accelerating voltage, however, decreases ion transmission and increases energy 
broadening, therefore it is better to increase the flight length. 
A more effective way of reducing the ion packet temporal width is to use shorter 
pulselength ionising lasers. Currently, the most commonly employed pulse lengths 
are several nanoseconds, but increasingly pico- and femtosecond lasers are being 
used. Indeed, some of the experiments described in this thesis were carried out 
employing femtosecond pulsed lasers. This improves the temporal resolution without 
the reduced ion transmission that increasing the path length might have. However, 
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with this use of such short pulse lasers the speed of the detector and data acquisition 
system need to be considered, as do space-charge effects. 
Kinetic Energy Resolution 
Due to the initial velocities of the neutral desorbed molecules, which will depend 
on the desorption method used, there will always be a distribution in the initial 
velocities of ions. Two ions of the same mass may be formed at the same position in 
the source region, but with initial velocities of opposite direction along the extraction 
axis; one ion travelling towards the detector, with velocity +v, the other ion travelling 
away from the detector, with velocity —v. The ion travelling away from the detector, 
towards the higher potential, will travel against the field, stop, turn around and be 
accelerated towards the detector, at the same initial velocity as the other ion. The two 
ions will arrive at the detector separated by the "turn-around time" of the second ion. 
The effect of initial kinetic energy distribution can be minimised for a single field 
instrument by use of high extraction fields which increases the ratio of the ion energy 
to the initial kinetic energy spread. An increased path length would be required to 
ensure sufficient time separation between adjacent masses. 
Initial energy distributions in the double-field source region can be corrected for 
by a technique called "time lag focussing" [29]. Here, ions are formed in a field-free 
ion source region before the extraction field is switched on, allowing the ions to 
spread out in the source region. By choosing a delay time between ion formation and 
ion extraction, different velocities give rise to different spatial positions in the 
extraction field and hence different ion kinetic energies. These variations in flight 
times can partially compensate for the effect of the initial high velocities. 
However, the best solution to kinetic energy broadening is to incorporate an ion 
mirror, or reflectron, into the drift region. 
2.4.3 The Reflectron: An Ion Mirror 
The reflectron was first developed in 1973 by Mamyrin et al [30]. The reflectron 
is essentially an ion mirror, most commonly consisting of a decelerating/accelerating 
field and a reflecting field. It is located at the end of the first field-free drift region 
and is generally constructed of a series of ring electrodes. In general terms, ions 
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penetrate the first grid whose potential is the same as the flight tube, whilst a second 
grid, at about 10% of the depth of the reflectron is held at about two-thirds of the ion 
acceleration voltage. Ions are decelerated to about two-thirds of their entry velocity. 
The last electrode is set at a potential slightly above the accelerating voltage, to 
provide a reflecting field. 
As ion packets drift towards the detector, they are dispersed due to the spread in 
initial kinetic energies. As explained previously, this spread is determined by the 
spatial volume in which the ions were formed and the initial translational energy 
which the precursor molecules possessed in the source region. The reflectron 
compensates for differences in kinetic energy only. 
Those ions with highest kinetic energies have travelled fastest along the field-free 
drift region and enter the ion mirror first. Due to their higher kinetic energy, they 
penetrate deeper into the reflectron before they are reflected, hence residing for 
longer within the ion mirror. Hence, the shorter flight times of the higher kinetic 
energy ions are compensated for by their longer residence times within the reflectron. 
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In order to perform spatially resolved laser desorption laser ionisation 
experiments, a new instrument was developed. The design of this instrument was 
similar to that of an existing molecular beam instrument, which had been previously 
used for laser desorption time-of-flight mass spectrometry experiments [1,2,3]. The 
new mass spectrometer consisted of two differentially pumped vacuum chambers, the 
sample load-lock chamber and the desorption/ionisation chamber. The reflectron 
time-of-flight mass analyser was also pumped in conjunction with the 
desorption/ionisation chamber. 
Solid samples, applied to a sample stub, were inserted into the load lock chamber, 
and transferred onto a sample post within the main chamber. Desorption of neutral 
molecules took place prior to photoionisation and mass analysis. Sample movement 
in X, Y and Z directions was achieved using stepper motors. 
All the results presented in this thesis were obtained using this instrument. 
Experimental details of the vacuum system, lasers, extraction optics, reflectron mass 
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3.2 Vacuum System 
The vacuum system is shown in front elevation and plan view in Figure 3-1 and 
Figure 3-2, respectively. All vacuum chambers were constructed from 304 stainless 
steel. 
The six way cross for the sample load-lock was a Vacuum Generators BX6 Series 
with FC 114 conflat flanges, and one of the vertical ports was fitted with a fast entry 
air lock window (Vacuum Generators, HD Series). Through the centre of the six way 
cross ran a magnetic linear motion drive (Vacuum Generators, MLRM 2 Series) 
which provided 610 mm of linear travel and extended into the sample chamber to 
allow transfer of the sample. The load-lock was pumped by an Edwards EXT 351 
turbomolecular pump, (pumping speed of 75 1 s') controlled by an EXC 120 pump 
controller. The pressure was monitored by an Edwards Active Pirani gauge and an 
Active Inverted Magnetron gauge, both attached to an Active gauge controller. This 
chamber could be isolated from the rest of the system by a manual gate valve. 
The spherical sample chamber was designed in-house and built by Vacuum 
Generators. The chamber was pumped by an Edwards EXC501 turbomolecular 
pump, (pumping speed of 500 1 s - '). Both this turbo and that on the load-lock were 
backed by an Edwards E2M-1 8 rotary pump. The pressure in the foreline was 
monitored by an Active Pirani gauge and pressure in the chamber was monitored by 
an Active Penning gauge. The base pressure in the chamber was 8 x 10 -' mbar, rising 
to ca. 1 x iO mbar under experimental conditions. 
The sample chamber contained a 150 mm O.D. viewport for general access and 
viewing of the sample. The entrance and exit ports for the ionisation laser, situated at 
the front and rear of the spherical chamber were zero length viewports manufactured 
from FC 114 conflat flanges and filled with 50 mm diameter fused silica windows. 
The desorption laser beam, either from a CO 2 laser or a Nd:YAG harmonic 
wavelength, was introduced into the chamber directly through a linear transfer drive 
(Vacuum Generators, LTM Series) mounted on a FC 70 conflat flange. This unit 
provided 50 mm of linear travel and was used to drive a cylindrical tube housing a 25 
mm diameter CaF 2 lens (Specac), focal length 75 mm at 5 tim. One FC 34 flange was 
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filled with a viewport for illumination of the sample chamber, and a second FC 70 
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Originally, this second port was used for the attachment of a pulsed valve (General 
Valve Corporation Series 9), which was used to pulse aniline into the chamber for 
initial experiments on the instrument. This was done to simplify the experiment by 
eliminating the desorption step and any electric field distortion caused by the sample 
stub. The pulsed valve consists of an iron actuator, with a Teflon plunger attached, 
which was seated against a 1 mm orifice. Sealing was achieved through the action of 
a spring. The valve was opened by application of a current pulse to a single solenoid 
which pulled back the actuator. The pulse duration was determined by the length of 
time the current was applied to the actuator. Subsequent to the use of this port for the 
admission of aniline, it was used to house a CCD camera, for direct observation of 
infra-red desorption laser light incident on the sample. For this purpose, a 
microprojection objective, Spindler and Hoyer cat. No. 038848, was fitted in a 
cylindrical tube extending into the sample chamber. This tube was fixed at an angle 
of 45 ° to the sample surface and at a distance so that the image (of the sample stub) 
was formed between 10 and 15 mm behind the back of the tube, outside the chamber. 
The reflectron mass analyser of length 1.20 m, mated to the sample chamber via 
an FC 114 conflat flange. The reflectron, a prototype built by Vacuum Generators 
originally for a TOF SIMS instrument, was adapted for use in these experiments. It 
housed two sets of vertical deflection plates and one set of horizontal plates, as well 
as the extraction cone which extended into the sample chamber. The reflectron was 
0.54 in long from the first grid to the last grid in the mirror, and the return path length 
was 0.57 in from the last grid to the MCP detector. This gave a total path length for 
an ion penetrating deeply into the reflecting field, from its point of formation to its 
point of detection, of around 2.3 m. 
3.3 Sample Handling 
The following section describes the techniques by which samples were applied to 
the sample stub for analysis, as well as the equipment used to translate the sample 
stage in order to perform both mapping experiments and conventional mass 
spectrometric experiments. The sample stub was held in a post which could be 
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translated by the XYZ manipulator. The sample sat Ca. 5 mm below the ion 
extraction axis (with its surface parallel with this axis) and was centred between the 
repeller and the draw-out grids. The desorption laser was incident perpendicular to 
the sample surface. This geometry is the same as that used by other groups 
performing spatially resolved molecular analysis [4,5]. Other groups, however, 
employ a 300  or 450  incident angle arrangement, [6,7] with the sample surface 
perpendicular to the ion extraction axis. This allows minimal electric field distortion 
[6], but the desorption spot size is enlarged and has an elliptical shape due to the 
projection of the beam spot on the surface [7]. Provided an appropriate voltage was 
applied to the sample stub itself, distortion of the electric field was not a significant 
problem in our geometric arrangement. 
3.3.1 Electrospray Sample Deposition 
A major problem experienced in the analysis of solid samples was obtaining a 
steady desorption signal. The conventional method of drop-coating a sample, 
dissolved in an appropriate solvent, directly onto the stainless steel sample stub 
resulted in inhomogeneous coverage. Consequently, the shot-to-shot reproducibility 
of the amount of sample desorbed was not particularly good. This was not too serious 
if mass spectra were averaged over, say sixty shots, as in the analytical-type 
experiments. However, in the case of spatially resolved experiments carried out later, 
this became a major factor. As the sample was slowly scanned along the axis 
perpendicular to the axis of ion extraction, each laser shot resulted in desorption from 
overlapping areas of the sample surface. For the initial mapping experiments, which 
were carried out on a sample which had been partly masked (in strips) by a second 
sample, the ion yield across one sample should be fairly constant. Depositing the 
samples in the drop-coating method resulted in very inconsistent ion intensities 
across the length of the sample stub. Therefore it was necessary to use the technique 
of electro spray sample deposition. 
The basic setup for electrospray, based on that described by McNeal et al [8], 
consisted of a stainless steel wire (O.D. between 0.13 and 0.2 mm, depending on the 
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sample and solvent) inside a stainless steel hypodermic needle, which had an internal 
diameter of 0.26 mm, into which the sample, dissolved in an appropriate solvent, was 
injected. The wire was held at ground potential and the needle at a high potential, 
typically -6 to -9 kV. The voltage was supplied by a Hippotronics HV d.c power 
supply (Model 820 20). Below the needle was a movable plate which was kept in this 
position until a steady sample spray was established. Two centimetres below the 
needle tip was a grounded collector plate, which was covered in Al foil, upon which 
the sample stub rested. The top of the sample stub was level with the top of the plate 
surface to avoid any electric field inhomogeneities. This plate was rotatable, powered 
by a Radio Spares 12 V, 60 r.p.m d.c motor, which meant that any small 
inhomogeneities in the sample spray were averaged over the whole sample stub. A 
ring electrode of copper wire was installed under the needle tip in order to focus the 
spray cone more tightly so that it sprayed onto a smaller area. 
The applied voltage was increased gradually, until at a so-called critical voltage, 
the liquid started to flow, producing a current. When the potential was increased 
beyond a certain level, the liquid was ejected from two rather than one spray cone at 
the tip of the needle. In such cases, rotation of the sample stub was vital. As the 
solvated sample left the needle tip, it was dispersed into sub-micron size charged 
droplets which evaporated as the droplets travelled from the needle electrode to the 
collector plate. The solute residue of each droplet was deposited onto the sample 
stub. 
The potential field E at the tip of the needle causing the charging of the sample 




R log - -- 
Equation 3-1 
where d the distance between the needle tip and the ground collector plate, and R the 
radius of curvature of the tip are expressed in metres, and the potential voltage V in 
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volts. For the typical experiments described here, with V = 9000 V, R = 1 x 10' m, d 
= 0.02 m, a field in the order of5xlO 7 Vm' was established. 
3.3.2 Sample Translation 
Samples were introduced into the sample chamber via a load-lock chamber. The 
ridged part of the sample stub was slotted into a fork-shaped extension of the linear 
magnetic drive inside the load-lock chamber, and the window to this chamber was 
closed. The load-lock chamber was pumped down and once a sufficiently low 
pressure (Ca. 5 x 10' mbar) was attained, the gate valve between the two chambers 
was opened. The sample was translated into the sample chamber by sliding the linear 
magnetic drive into the chamber where the sample stub was transferred onto the 
sample holder post. A wobble stick was originally fitted inside the sample chamber 
for transfer of the sample, but this proved to be impractical, so the method described 
above was employed instead 
For routine experiments, in order to present a fresh part of the sample to the 
desorption laser, or to scan the sample at a certain speed during spatially resolved 
mapping experiments, it was necessary to use a stepper motor system. Movement of 
the sample post which held the sample stub was controlled by a McLennan Servo 
Supplies three axis stepper motor system. This system consisted of PM341 stepper 
controllers, TM164C stepper motor drive translators, bipolar stepper motors and an 
EM 174 power supply. 
The position, velocity and acceleration of the sample rod could be controlled by 
the user by the input of commands into a DCS 286 PC. These commands, which 
were in ASCII format, were sent via the RS232 port to the relevant stepper motor 
controller. The controller also included an encoder which continually monitored the 
position of the motor by receiving feedback from the motor on the actual position. 
This made it possible to check that the motor had moved by the correct amount as 
commanded by the user. The controller generates the required direction and clock 
(step) pulses which are fed into the stepper motor drive translators. The output drive 
currents from the translators are taken via rear panel connectors to drive the bipolar 
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3.4 Laser Systems 
The technique of laser desorption laser photoionisation mass spectrometry, as the 
name suggests, requires two lasers. One for desorption of neutral species from the 
solid-phase into the gas-phase, and the second for subsequent photoionisation. Initial 
desorption experiments were performed using infrared radiation from a pulsed CO 2 
laser. As discussed in Chapter 2, I.R desorption has been thought of as a mainly 
thermal process, resulting in little excess energy being transferred into the desorbed 
neutrals. However, from experiments described in Chapter8, this was not seen to be 
the case. IR desorption induced the delayed ionisation of C 60 . It must be said of 
course, that C 60  is a cluster capable of extremely efficient absorption of JR radiation 
which obviously introduces some differences compared with the JR desorption of 
molecular species. The diffraction limited spot size (ca. 22 tm) at a wavelength of 
10.6 tm is much larger than that for a light source of shorter wavelength, e.g. in the 
UV region (ca. 0.4 [tm, 266 nm). For this reason, in later work spatially resolved 
experiments were carried out using the fundamental (1.064 l.xm) and fourth harmonic 
output (266 nm) of a Nd:YAG laser for sample desorption. The following section 
describes the different laser systems employed for desorption and ionisation. 
3.4.1 Desorption Lasers 
3.4.1.1 AIltec 854MS CO2 Laser 
The Alitec 854MS is a transverse excitation atmospheric (TEA) CO 2 laser capable 
of generating ca. 80 ns pulses of 10.6 tm radiation. A gas mixture of 12% CO 2 , 4% 
CO, with a balance of He, was automatically fed to the laser as required. Typical 
pulse energies of ca. 100 mJ or less were obtained at the experiment's repetition rate 
of 10 Hz. A Coherent 210 power meter was used to measure such energies. 
Operational control of the laser was via a remote control module on an umbilical. 
External control over the operation of this laser required one input pulse of +5 V 
amplitude and 50 ts duration to trigger. 
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The output from this laser was directed into the top of the sample chamber via two 
gold plated mirrors and focused using the 75 mm focal length CaF 2 lens which was 
mounted at the bottom of a cylindrical tube under the linear transfer drive unit 
(Vacuum Generators LTM Series). The lens was mounted inside the chamber (rather 
than outside as in the original instrument) to obtain a smaller desorption spot size due 
to this smaller working distance. Attenuation was effected by use of an in-house built 
attenuator. This consisted of two zinc selenide mirrors coated with a dielectric 
coating. A motor drove the two mirrors through a range of angles which determined 
the transmission of the infrared light through the attenuator. The mirrors both moved 
by the same angle but in opposite directions along an axis perpendicular to the laser 
beam axis. 
3.4.1.2 Continuum Minilite Nd 3 :YAG Laser 
The Minilite was a pulsed Q-switched Nd 3 :YAG laser which was used principally 
for sample desorption in the spatially resolved experiments. The laser was either 
operated at the fundamental (1.064 tm) or frequency doubled wavelength (532 rim). 
The fundamental output was specified as 36 mJ per pulse at a repetition rate of 10 
Hz, with a pulsewidth of 5.9 ns. 
The laser required only one external TTL trigger pulse, ( ~! 20 is duration), to the 
"Fire laser" BNC input. This trigger fires the flashlamp and sends a pulse to the 
"Lamp sync out" BNC. When the laser fires, pulses appear on the "Q-switched sync 
out" BNC. The measured time between the lamp sync. output and the laser light 
output (as measured by a photodiode) was considerably different to that quoted in the 
manual for the laser. Although this delay was quoted in the manual as being 90 .is, 
an actual value of 200 j.ts was measured. The laser could be operated in either high or 
low energy mode. When in low mode, the laser pump lamp was reduced in intensity, 
which produced an output beam with < 10% of normal power. 
The laser output was introduced into the front window of the sample chamber via 
two quartz prisms, both turning the beam through approximately 90 degrees, and 
focussed using the same lens as described above. 
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3.4.2 lonisation Lasers 
3.4.2.1 JK HyperYAG HY750 Nd3 ':YAG Laser 
This Q-switched pulsed Nd3 :YAG was the ionisation laser used in the initial 
experiments for measuring various parameters of the system, e.g. detection 
sensitivity and mass resolution. This laser was also employed for photoionisation 
when performing spatially resolved experiments, e.g. line scans. In all cases the laser 
was operated at the frequency quadrupled wavelength of 266 run. 
As stated above, the JK HyperYAG was a Q-switched laser, consisting of an 
oscillator and an amplifier. The Q-switched fundamental output (1064 nm) was 
specified as 800 mJ per pulse at a repetition rate of 10 Hz. Second and third 
harmonics could be generated by the use of thermally-stabilised CDA and KDP 
crystals; typical pulse energies at these wavelengths were 320 and 170 mJ pulse', 
respectively. Separation of the desired 532 nm wavelength radiation from the 
fundamental was achieved using two Brewster-angled gull wing prisms placed after 
the harmonic generating crystals. 
The production of the fourth harmonic, at 266 run, was achieved using an oven-
housed KDP crystal to double the second harmonic 532 nm radiation. The 
fundamental and second harmonic were separated from the 266 nm output by a Pellin 
Broca prism assembly. Each prism in the assembly is arranged to turn through 
smaller angles because of the wavelength dispersion of the prism. The optimised 
output for the fourth harmonic was 70 mJ pulse'. 
The laser required two 15 V trigger pulses, to trigger both the flashlamps and the 
Q-switch. The Q-switched pulse energy could be varied by altering the time delay 
between the two pulses. However, usually the fine tuning of the pulse energy was 
achieved by reducing the amplifier charging voltage. 
The output from this laser was passed through a quartz window, set at 45 degrees 
to the beam, with around 4% of the beam being reflected onto a photodiode. The 
photodiode was covered with paper so that fluorescence from the paper was detected. 
This provided the trigger for the digital oscilloscope and determined the "zero time" 
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of the experiment. The rest of the beam was turned by three 450,  266 nm dichroic 
mirrors before passing through a slit, (typically of 1 or 2 mm width). 
Pulse energies, typically of 2-5 mJ, were measured using a Scientech 672 power 
meter. 
3.4.2.2 Lumonics TE-861T-4 Excimer Laser 
This excimer laser was used to produce light of shorter ultraviolet wavelengths 
than the JK Nd:YAG laser It was a thyratron-switched laser, capable of operating on 
a variety of halogen-noble gas mixtures. It was typically operated on either the ArF 
line at 193 nm, or on the KrF line at 248 nm. 
All experiments were performed with unstable resonator optics (Lumonics Model 
504S). These optics produced an output beam of low divergence, which was 
important for these TOF experiments, where a highly divergent beam would result in 
a reduction in spatial resolution. It was also possible to focus such a beam more 
tightly, hence increasing the intensity of the laser light, and again decreasing the spot 
size at the point of multiphoton ionisation. The rectangular output beam had a cross-
section of 3 x 15 mm2 at 193 nm, and 6x15 mm' at 248 nm. The measured output 
pulse energies were 16 mJ at 193 nm (8-10 ns), and 45 mJ at 248 nm (12-16 ns). The 
pulse energy at 248 nm was measured using a Coherent 210 average power meter, 
and that at 193 nm was measured using a Photon Control power meter. 
The laser was always operated externally, at a repetition rate of 10 Hz. This 
required two 15 V trigger pulses. The first pulse triggered a "charge on demand" 
which initiated the capacitor charging cycle, whilst the second pulse, delayed by ca. 
12 ms, triggered the thyratron. Varying the charging period or the peak charging 
voltage allowed the output pulse energies to be varied. 
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3.4.2.3 Lambda Physics Excimer EMG 201MSC - Pumped Dye FL 
3002 Laser System 
This excimer-pumped dye laser system was used for only some of the experiments 
described in this thesis, namely studies for comparison with the femtosecond 
experiments, where the system was operated at a wavelength of 375 nm. The excimer 
laser included a Magnetic Switch Control (hence MSC) for economic transfer of 
electrical energy into the active gas medium. The electrical discharge circuits of 
conventional excimer lasers consist of storage capacitors which are charged with 
high voltage power supplies. After charging, the full energy contained within these 
capacitors is transferred through the thyratron switch, (after application of a trigger 
pulse), to the peaking capacitors, and thus to the electrodes. In order to prolong the 
lifetime of the thyratron, it is necessary to avoid any current reversal in the circuit. In 
the EMG 201MSC laser, elimination of all current reversal was achieved by this 
magnetic switch control. This allows the electrical input energy to be converted most 
efficiently into optical output energy. The active gas medium consisted of 80 mbar 
HC1 (5% in Ar), 60 mbar Xe, filled up to 3000 mbar with Ne. 
The excimer laser was triggered externally by the input of a +15 V pulse of 
duration 50 [is. A typical output pulse energy of 1 mJ after steering with four prisms 
at a repetition rate of 10 Hz and a high voltage level of 16 kV was obtained. Normal 
operation, i.e. whilst pumping the FL 3002 dye laser, was at a repetition rate of 10 
Hz. 
The Lambda Physics FL 3002 was a pulsed, tunable dye laser. It consisted of an 
oscillator in combination with one amplifier stage. The dye circulators of these stages 
were filled with the appropriate dye solution with the concentration ratio of 
oscillator: amplifier of 3:1. The amplifier circulator was powered by a "line out" 
voltage. The grating was tuned to the required wavelength by programming the value 
into the microcomputer on the front of the laser. 
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3.4.2.4 Spectra Physics Art- Pumped Ti:S Chirped Pulse 
Amplified Femtosecond Laser System 
This laser system was found at the Lasers For Science facility at the Rutherford 
Appleton Laboratory. The laser mass microscope was transported to this facility in 
Oxfordshire, and the experiments were carried out there. In this system femtosecond 
pulses of both the fundamental wavelength of 750 nm (bandwidth of around 10 nm) 
and the frequency doubled wavelength of 375 nm were derived from a mode-locked 
titanium-sapphire oscillator (Spectra-Physics Tsunami) pumped by about 7 W (all 
lines) from a "Beamlok" argon-ion laser (Spectra-Physics 171). This system 
produced an 82-MHz train of pulses. A pulse stretcher, consisting of two pairs of 
BK7 prisms in a double pass arrangement, was used to negatively chirp the pulses, 
by negative group velocity dispersion (GVD), to about 700 fs prior to amplification 
in a three stage dye laser. The pulsed dye amplifier (Quanta Ray) was pumped at a 
repetition rate of 10 Hz by an injection-seeded Q-switched Nd:YAG laser 
(DCR2A).The dye LDS 751 was used to generate pulses at 750 nm, because only this 
dye was found to have sufficient gain bandwidth to support 50 fs pulses. The 
maximum energy output of the PDA was 100 pJ. A 4 cm block of SF 10 glass was 
then used to recompress the pulses down to 50 fs, by positive GVD, and also to 
remove any residual chirp. There was a contribution to the positive GVD from the 
dye-amplifier system. It was possible to tune the system by translation of one or both 
of the prisms to adjust the path length in glass and hence adjust the GVD. 
Four low dispersion dielectric mirrors (single stack) were used to direct the 750 
nm laser beam into the sample chamber. Any positive chirp caused by the beam 
passing through the entrance silica window into the chamber was compensated for by 
varying the position of the prisms as described above. The beam passed through a 
variable attenuator and was focused by a 25 cm fused silica lens into the sample 
chamber. 
Picosecond ( 2 ps) and nanosecond ( 3 ns) pulses were also generated on the 
same system, at the same wavelength of 750 run, for comparative photoionisation 
measurements. The picosecond pulses were generated by passing the femtosecond 
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beam through a rectangular block of SF10 glass. The nanosecond pulses were 
generated by feedback of the femtosecond pulse into the Ti:Sapphire oscillator. 
The laser system was also used for experiments at 375 nm. For this work, 
frequency doubled pulses were generated by focusing the fundamental laser beam 
with a 50 cm lens into a 200 p.m thick, type 1 BBO crystal cut at 28.7 degrees. This 
crystal had an energy conversion efficiency of around 10%, which yielded 10 p.J 
maximum output energy. The 375 rim light was re-collimated with a 50 cm fused 
silica lens to give a beam diameter of 1 cm. The 375 nm laser beam was directed into 
the sample chamber by four broad band aluminium-coated UV mirrors. Two filters 
(one of 80% transmittance at 375 nm and 1.9% at 750 rim, and a second, of 58% 
transmittance at 375nm and 0.3% at 750 nm) were placed before the entrance 
window to the chamber to filter out the residual red light. 
It was not possible to measure directly the duration of the 375 nm pulses, but 
autocorrelation measurements of the 750 nm beam showed that the pulses had been 
lengthened from 50 fs to a pulse width of 90 fs, before the sample chamber. The 
pulse energies used in these experiments proved difficult to measure accurately due 
to their extremely small magnitude. Typical pulse energies varied from 20 to 100 nJ, 
and were measured by the removal of the neutral density variable attenuator and any 
neutral density filters to obtain a signal from a photodiode on the oscilloscope and a 
corresponding power meter reading, which could be used for calibration purposes. 
3.4.2.5 Spectra Physics Ark- Pumped Ti:S Regeneratively 
Amplified Femtosecond Laser System 
This femtosecond laser system was found in the laboratory of Prof. K.H Miewes 
Broer at the University of Rostock, Germany. The laser system was based on a cw 
mode-locked titanium: sapphire oscillator (Spectra Physics Tsunami Model 3950) 
which was pumped by an Ar laser (Spectra Physics Beamlok Model 2060). The 
system was tunable over the wavelength range 750-850 nm, with the available mirror 
set, with a pulsewidth adjustable over the range 65 fs-80 PS. The output from the 
Tsunami was then pulse-amplified in a titanium: sapphire regenerative amplifier 
(Quanta-Ray TSA) containing two linear amplifiers. The first TSA was pumped 
/BL_7 
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using the second harmonic output of an Nd:YAG laser (Quanta-Ray GCR-230), 
providing a gain of typically 106.  The second TSA was pumped by the second 
harmonic output of an Nd:YAG laser (Quanta-Ray GCR-270), providing a gain of 
Ca. 3-5. In this way the original output pulses from the Tsunami (typically 5 nJ/pulse) 
could be amplified to provide pulses of up to 30 mJ pulse energy. These amplified 
pulses were tunable over the range 770-820 nm, with a shortest pulselength of 140 fs, 
at a repetition rate of 30 Hz. When focused to a spot size 50 pm in diameter such 
pulses corresponded to peak power densities in excess of 1016  Wcm2. 
3.5 Time-of-Flight Optics 
3.5.1 Ion Extraction and Guidance Optics 
A schematic diagram of the ion extraction optics in the sample chamber and guide 
optics within the flight tube is shown in Figure 3-4. The guide optics were the 
original ones used in the flight tube for the SIMS instrument. The ion extraction 
optics were home-built, fabricated from gold-plated aluminium and consisted of a 
repeller plate (Rep), draw-out (DOG) and flight grid plates (held at ground) and an 
Einzel lens (Li). The repeller and draw-out plates were 5 mm thick and 80 mm 
square, with 40 mm diameter circles cut out from the centre and covered with 90% 
transmitting mesh. The flight grid plate was 4 mm thick and 22 mm square with an 8 
mm diameter circle cut out from the centre and covered with the same type of mesh. 
The Einzel lens had similar diameters as the flight grid plate. The extraction cone 
(EC) which protruded into the sample chamber had an entrance hole of diameter 8 
mm. Figure 3-5 is a photograph of the inside of the sample chamber showing the 
sample stub, the repeller and draw-out optical elements and the desorption lens 
bellows system (at the top of the photograph). A cross-section of the extraction optics 
geometry drawn using the ion trajectory simulation package SIMION is shown in 
Figure 3-6. 
Further ion trajectory simulations were carried out to illustrate the large effect 
which the sample stub has on the potential surface across the extraction region and 
hence the importance of applying the appropriate voltage to the sample stub. Figure 
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3-7 is a simulation which demonstrates the effect of applying too high a voltage to 
the sample stub. The too-high positive voltage has the effect of deflecting the 
positive ions too much which greatly reduces the ion transmission. This is obvious 
from the simulation which shows how very few of the ions could pass through the 
central 8 mm diameter hole in the 22 mm diameter Einzel lens. and also to illustrate 
the benefit of having the Einzel lens in the extraction optical set-up. 
The effect of having the Einzel lens in the ion extraction region was also 
investigated. 
Figure 3-8 is the ion trajectory simulation for the case where no voltage is applied 
to the Einzel lens. The ions have a large dispersion hence reducing the ion 
transmission to the reflectron and ultimately, the detector. 
Figure 3-9 is the opposite case where an appropriate voltage is applied to the 
Einzel lens and shows focusing of the ions, resulting in less dispersion and hence a 
higher throughput of ions to the detector. Figure 3-10 and Figure 3-11 are the 
SIMION diagrams showing the potential energy surfaces of these two cases. 
The guide ion optics consisted of a set of vertical deflection plates (VD) ca. 12 cm 
from the start of the extraction cone, a further Einzel lens (L2) ca. 42 cm from the 
extraction cone, a second set of vertical deflection plates (directly after the Einzel 
lens) and one set of horizontal deflection plates (HD) situated directly after the 
second vertical plates. Typical voltages applied to the various ion optical elements 
and the sample stub and the MCP detector are shown in Table 3-1. 
VD VD ______ 	 DOG 
Li 
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Figure 3-5 Photograph inside the sample chamber showing the sample stub, repeller and 
draw-out optical elements and the desorption lens bellows system (at the top of the 
photograph) 





Figure 3-6: Cross-section of the ion extraction optics drawn using the ion simulation 
package SIMION. 
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Figure 3-7: Ion trajectory simulation illustrating the effect of applying too high a voltage to 
the sample stub. 
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Figure 3-8: This ion trajectory simulation along with the simulation below demonstrate the 
benefit of using the Einzel lens in the extraction optic set-up. When no voltage is applied to 
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Figure 3-9: Ion trajectory simulation illustrating the focusing ability of the Einzel lens. An 
appropriate voltage is applied to the lens which focuses the ions and results in higher 
transmission to the reflectron. 
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Figure 3-10: SIMION diagram showing the potential energy surface of the ion extraction 
region with an appropriate voltage of 1.55 kV applied to the sample stub. (No voltage is 
applied to the Einzel lens). 
Figure 3-11: SIMION diagram showing the potential energy surface of the ion extraction 
region with an appropriate voltage of 1.55 kV applied to the sample stub and with an 
appropriate voltage of 1.0 kV applied to the Einzel lens. The voltage on the repeller is 4.6 
kV and the voltage on the draw-out-grid (DOG) is OV, as before. 
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ELEMENT TYPICAL VOLTAGE / V 
Repeller 4950 
Sample stub 1700 
Draw-out-grid 0 
Flight 0 
Einzel Lens 1 2300 
Vertical Deflection Plates 1 0 
Einzel Lens 2 800 
Vertical Deflection Plates 2 0 
Horizontal Deflection Plates 0 
Back Element of Reflectron 2130 
Microchannel Plate Detector 4500 
Table 3-1: Typical voltages applied to ion optics 
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3.5.2 Ion Mirror Optics 
The reflectron, or ion mirror, consists of forty elements. It was necessary only to 
provide one input voltage to the reflectron, to the final grid, because a voltage divider 
box split this voltage through a series of resistors to produce stepped voltages for all 
of the forty elements, with the first grid being grounded. There were four input 
sockets (A-D) on the reflectron, each consisting of ten voltage connector pins. 
3.5.3 High Voltage Power Supplies 
The optical elements in the mass spectrometer were supplied by the following 
high voltage sources. (It can be seen that some elements were supplied by the voltage 
supplies originally used on the prototype TOF SIMS reflectron, which was adapted 
for our use.) 
Repeller: Vacuum Generators Analyser Supply, X1 5 0. 
Back grid of the reflectron: Vacuum Generators Analyser Supply, X150. 
Einzel lens within the extraction optics: Vacuum Generators Analyser Supply, X1 5 0. 
Lens within the flight tube: Vacuum Generators Analyser Supply, X1 5 0. 
Sample Stub: Power Designs, 1570. 
Draw-Out-Grid (DOG): Power Designs, 2K20A. 
Micro-Channel Plates (MCP): Power Designs, 1 556C. 
First and second sets of vertical deflection plates: Vacuum Generators TOF 
Alignment Unit 556. 
Second set of horizontal deflection plates: Vacuum Generators TOF Alignment Unit 
556. 
The X1 50 Analyser Supply could be operated in one of three ways: Mode 1, 
which meant that the voltages could be controlled by alteration of some potential 
dividers inside the supply. Mode 2, which was the normal mode of operation, and 
involved varying external potential dividers by ten turn pots. on the outside of the 
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supply. Finally, in Total Mode, no voltage was supplied to the reflectron, meaning 
that all ions would be transmitted straight through, and could be detected on a 
scintillator detector at the end of the reflectron. In this mode, the remaining three 
optical elements were then controlled by Mode 1. 
3.6 Ion Signal Detection 
The positive ion signal was detected by a dual microchannel plate (MCP) and then 
fed into both a transient digitiser and a LeCroy digital storage oscilloscope, via a T -
piece, terminating at the digital oscilloscope with 1 MQ grounding. The MCP was a 
Philips Components Model G12-36DT/13, and consisted of a pair of plates each of 
active diameter 32.5 mm. Each plate consisted of an array of channel electron 
multipliers fused into the shape of a disc. The multipliers were electrically connected 
in parallel by means of nickel-chromium electrodes evaporated onto the faces of the 
disc. A typical channel had a diameter of 12.5 tm and a length to diameter ratio of 
80:1. Each plate was of double thickness, having a value of 2 mm. 
The resistor chain between the two plates provided a typical gain for a primary 
electron at 500 V, of 102  across a single plate, at an applied voltage of 1240 V. Due 
to the fragility of the channel plates, it was essential that the power supply was not 
capable of delivering a current in excess of 1 mA. This was ensured by the use of a 
series current limiting resistor, which in this case had a value of 3.3 MO. The 
resulting voltage between the two plates was calculated by knowing the value of the 
other resistors in the circuit and the applied voltage. For example, an applied voltage 
of -4600 V results in a voltage across the plates of -2000 V. 
The detector was operated in grounded anode mode, with the front cathode plate 
at a large negative voltage. This was more efficient for detection of positive ions, 
which were accelerated towards the negative plate. It became obvious, however, that 
some pulse reflection was occurring to and from the anode along the cable resulting 
in "ringing", which could be seen at the high mass side of higher intensity peaks in 
most mass spectra. For this reason, a detector with an "impedance-matched anode" 
was built. Subsequent to some sensitivity measurements, it became apparent that the 
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gain of this new detector was greater than that of the original detector, or possibly 
that the microchannel plates in the old detector had deteriorated, as the new detector 
had much increased sensitivity. 
3.7 Experimental Control and Data Acquisition 
For laser desorption laser photoionisation experiments, it was necessary to have 
precise control over the time at which certain events took place. Firstly, the plume of 
neutral species formed following desorption with the first laser had to be interrogated 
with the second photoionisation laser at the optimum time delay in order to maximise 
the photoion signal. Different mass spectra can be obtained depending on the time 
delay between the desorption and ionisation lasers. This is related to the amount of 
internal energy which the neutral species have as they leave the surface. It is not 
clearly understood whether those neutrals requiring a short time delay between the 
desorption and ionisation lasers leave the surface faster due to a higher internal 
energy than those leaving the surface much slower. The velocity distribution and the 
internal energy distribution can be very different for different sample types, methods 
of sample preparation and substrate. Also, as described in Chapter 5, the desorption 
wavelength has a big effect on the velocity distribution and internal energy of the 
desorbed neutrals. This is displayed in the much shorter delay between the two 
events when desorbing with 1.064 i.m (typically 4-10[is) compared to 10.6 tm 
(typically 40-70 ps). Secondly, with time-of-flight mass spectrometry, in order to 
accurately determine the time of arrival of ions, which is proportional to the square 
root of their mass, there must be an accurate time zero which signals the start of the 
ion flight time. This time zero signal corresponds to the time at which the ionisation 
laser is fired. Accurate mass calibration is then required using external standards of 
known mass. 
As well as accurate control over the experimental procedure itself, it was also 
necessary to handle the acquisition and storage of the large amount of data which 
was generated. Three different methods were employed. For the first method, which 
was employed for the early work carried out at Edinburgh, a CAMAC (Computer 
Automated Measurement And Control) based system [10] was used. This system 
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comprised a number of CAMAC modules (transient digitisers, pulse delay generators 
etc.) resident in a CAMAC crate, which were controlled by software from a 
computer. It was possible to view the data as mass spectra in real-time as the 
experiment took place, as well as subsequently digitally storing this data. The 
development of this integrated experimental control and data acquisition software 
was carried out by a former research student in this laboratory [11]. 
The second method of experimental control and data acquisition, which was used 
for the experiments carried out at the Rutherford Appleton Laboratory, involved 
triggering the desorption laser from the synchronous output pulse from the flashlamp 
trigger of the Nd:YAG laser used to pump the pulse dye amplifier from which the 
amplified femtosecond pulse was emitted. This trigger was then adjusted by the use 
of pulse delay generators so that the desorption laser pulse preceded the 
photoionisation laser by ca. 30-50 is. The data was fed directly into a LeCroy Digital 
Storage Oscilloscope. 
The third method employed in later work at Edinburgh, for the Nd:YAG 
desorption experiments, was similar to that used at RAL, except that a Stanford 
Research Systems four channel digital delay / pulse generator, (Model DG 535) was 
used to control the experiment. 
Figure 3-12 shows the relative timings of the delays used. This module generated 
an initial 10 Hz pulse, which was used to trigger the Minilite Nd:YAG laser used for 
desorption. This laser required only one input trigger, as light was emitted 236 is 
after this trigger. A second pulse delayed by 55 s, was used to trigger the JK 
Nd:YAG laser flashlamps. The delay between the flashlamp trigger and the trigger 
for the Q-switch was always set at 181 ts. This meant that there was typically a time 
delay of 4 ts between the desorption and ionisation lasers. This time delay could be 
varied by alteration of only one pulse setting, namely that to the JK Nd:YAG laser 
flashlamps. The data is read directly into the DSO and CAMAC is not used at all. 
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fire T0 ± variable A + 185 microseconds 






Figure 3-12: Diagram showing the relative pulse delays set on the Stanford PDG. It can be 
seen that the time between desorption and ionisation is variable, by alteration of pulse A, 
but is generally set to a delay of between 4 and 10 .ts. 
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3.7.1 CAMAC Control Hardware 
The IEEE CAMAC standard [10] defines a common dataway to which a number 
of instruments or modules can be interfaced. Each module resides in a specific slot 
within the CAMAC crate (Wes FHD-DV3), the backplane of which provides data 
communication and power lines to each module. A common dataway of 24 
read/write lines is used to transmit data to and from the units. Software running on an 
IBM PC-AT provides commands to the crate controller which are directed to these 
modules. Data lines also transmitted acknowledgements of these commands or 
requests for attention by each module to the computer. The positions of the modules 
in the crate and their relation to other components of the experimental setup are 
displayed in Figure 3-13. 
The crate controller (DSP 6002) is located in the rightmost slot of the crate. This 
microprocessor, which was programmed through a DSP PCO04 interface card located 
in the PC-AT, accepts commands from the computer to control the experiment and 
passes these to the appropriate modules in the crate. It also passes the data recorded 
by the modules back down the dataway to the PC for further processing. There are 
different variations of the home-written software [11], and each of these had its own 
compatible interface card and could only be used with a certain combination of crate 
controller and transient digitiser. The software used in these experiments was THOR. 
Other adapted versions included THORM and THOROLD. 
The trigger pulses required to control the timing of the experiment were provided 
by two pulse delay generators (PDG). These were a Kinetic Systems 3655 8-channel 
PDG and a LeCroy 4222 4-channel PDG. The former could produce 200 ns FWHM 
TTL (5 V) pulses with microsecond accuracy. The 3655 PDG receives its commands 
for each channel individually, via the dataway from the PC-AT, where set time 
delays (with respect to the trigger pulse) were entered via the keyboard. The 
minimum possible interval between pulses from successive channels was 1 [is, with a 
minimum jitter of around 1 ns. Either the trigger signals from the 3655 PDG could 
then be taken to the external devices awaiting a trigger, or they could be used to 
trigger the LeCroy 4222 PDG. 
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The LeCroy 4222 PDG was capable of generating four 100 ns TTL pulses of 1 ns 
accuracy, with a jitter between pulses of less than 170 ps. This module, with its 
improved timing accuracy, was used for triggering the ionisation laser and transient 
digitiser. Each channel of the 4222 PDG was independent and could be used in any 
order. 
The pulses from both PDGs did not produce enough current to drive 50 Q loads 
over the long coaxial cables used in these experiments. They were also not wide 
enough to trigger some of the external devices which required pulses with a FWHM 
greater than 200 ns, as well as voltages greater than 5 V. The outputs from both 
PDGs were therefore boosted using a custom-built 8 channel line driver unit, housed 
in a NIM bin. This line driver produced either 5 V, 50 ts or 15 V, 10 ts pulses, or a 
combination of these i.e. 15 V. 50 ts, depending on how it was configured internally. 






Transiac LeCroy Kinetic Systems Transiac 
2001 4222 3655 6002 
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MCP 	
9350M 	 IBM 
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DSO PC 
Figure 3-13: Schematic representation of the CAMAC control hardware, showing how the 
experiment is controlled and data is handled. 
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3.7.2 CAMAC Transient Digitiser 
The arrival of ions at the MCP detector generates a series of negative-going 
waveforms. These waveforms were digitised by using one of two sampling devices: 
either the DSP 2001 transient digitiser (TD) or the LeCroy 9350 M digital storage 
oscilloscope (DSO). The DSO will be discussed in the next section. 
The DSP 2001 has 8-bit resolution and a digitisation rate ranging from 1 to 100 
MHz (100-10 ns/sample), which can be controlled via software or by front panel 
switches. The record length can also be controlled via software or by another front 
panel switch. The memory of the TD is divided into different record lengths, 
selectable in powers of two from 256 bytes to 32 Kb. The maximum record length 
that could be processed by the control software was 2 Kb; this was due to the time 
required to read the accumulated data from memory, to scale and plot it at a 
repetition rate of 10 Hz. 
As soon as the TD was sent the relevant commands through the CAMAC 
dataway, the input signal from the MCP was continuously sampled and stored in the 
available memory. This 
data was constantly overwritten, until the module received an external stop trigger 
pulse. The next 2 Kb of samples constituted the required mass spectral data. 
While it was preferable to obtain mass spectra at the highest timing resolution, i.e. 
100 MHz ( 10 ns), this resulted in a shorter available time record of around 20 p.s. 
This meant that only ions of low mass could be observed, as typical flight times of 
parent ions of the type of organic molecules studied were on the order of 100 p.s. To 
overcome this, a lower sampling rate, normally 50 MHz was employed, which 
resulted in a loss of mass resolution. Alternatively, it was possible to study one 
region of interest of a mass spectrum at the highest resolution, by inserting a delay 
between the trigger pulse for the ionising laser and the TD stop trigger. 
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3.7.3 LeCroy Digital Storage Oscilloscope 
The second method employed for digitising and displaying the waveforms generated 
by the arrival of ions at the detector involved the use of a LeCroy digital storage 
oscilloscope (DSO). This was a much faster sampling digitiser, capable of much 
higher time resolution than the transient digitiser used with the CAMAC system. For 
this reason, most mass spectra displayed here were obtained using this oscilloscope 
as the sampling device. 
The DSO employed was a LeCroy Model 9350M, which has a bandwidth of 500 
MHz and a maximum sampling rate of 500 000 samples per second (500 MS/s) or 2 
ns/sample for each channel, generating 100 000 points (100 Kpt). By combining the 
two channels available, a sampling rate of 1 GS/s (1 ns/sample) could be achieved, 
generating 250 K pt. This increased sampling rate and number of data points, 
compared with that available using the transient digitiser, meant that it was possible 
to produce mass spectra with much higher mass resolution. Having only 2048 data 
points available using the TD meant that some information may have been lost 
between data points, although of course this was only true if the actual mass 
resolution of the signal was greater than the resolution of the TD. The bandwidth of a 
DSO indicates the ability of its amplifier to follow the incoming signal. For instance, 
if an incoming sinusoidal signal with a frequency of 1 GHz was looked at using a 
500 MHz DSO, then the amplifier would not be able to follow the signal as it would 
be oscillating at too high a frequency. It was possible to bandwidth limit incoming 
signals to a value of 20 MHz, which meant that any signal oscillating faster than this 
frequency was filtered out. This is useful if there is some high frequency noise. 
The Model 9350M DSO has two signal channels, together with an external trigger 
channel and a calibration channel. There was a built-in disk drive for floppy disks 
which was used to store mass spectra files in binary format. The system memory 
included four memories for temporary storage and four additional memories which 
were available for waveform zooming and processing. A printer could be connected 
to the parallel port of the DSO to output spectra directly from the screen. 
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The process of converting the raw signal from the MCP detector to a graphical 
display on the DSO screen is as follows. Firstly, the input signal is amplified so that 
it can be measured by the oscilloscope, then the analogue signal is converted into 
digital form by translating it into a series of sample points whose voltage levels are 
then measured and transformed into digital codes representing the signal samples. 
This is carried out by an 8-bit analog-to-digital converter (ADC). This resulting 
digital data is stored by the high speed acquisition memory system. The whole 
system is controlled by a Motorola microprocessor which also performs special 
monitoring and measurement functions. Finally, the display system translates the 
stored data into a graphic display of the original signal shape. 
The raw signal from the MCP was input into channel one of the oscilloscope. The 
external trigger, the ionising laser pulse captured on a photodiode, was fed into 
channel two. Mass spectra were normally averaged over sixty shots. As the data from 
the oscilloscope was in binary format, a program, called Wavetran, had to be 
obtained from LeCroy to translate the data into ASCII format. It was then possible to 
process the data, for example to perform mass calibration and also inversion, (as the 
DSO stored negative-going spectra). 
3.7.4 Control Software 
The software used for controlling the CAMAC system was written by A.M. Butler 
[11], using the C high level programming language together with some assembler. 
This software controlled the experimental timings and acquired data. The software 
toggled between routines for controlling the experiment and processing the data, at a 
frequency twice that of the experimental repetition rate. These routines were known 
as TIC and TOC, respectively. The TIC routine arms the digitiser, loads the time 
delays and triggers the 3655 PDG, initialising the experimental cycle. The TOC 
function is executed after each TIC to read data from the transient digitiser. This data 
is then inverted to a positive-going waveform (unlike in the DSO) and, if 
commanded, summed with the required number of previous shots. 
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The laser mass microscope, as described in the previous chapter, was built mainly 
from component parts from Vacuum Generators, the reflectron mass analyser being a 
prototype, originally built for use on a secondary ion mass spectrometry (SIMS) 
time-of-flight instrument. Initially the instrument was characterised using aniline 
which was introduced into the sample chamber via a pulsed valve. This made the 
initial experiment simpler, as no desorption laser was required and the sample probe 
was kept below the potential field between the repeller and draw-out-grid, and hence 
caused no perturbation of this field. Once a signal was obtained and the operating 
voltages of the ion mirror and ion optics were established, the sample probe was 
raised into position whilst increasing the voltage applied to the probe to ensure that 
the signal was not degraded. An optimum voltage was found for the probe in a 
particular vertical position. The horizontal and vertical deflection plates and the two 
lenses were assigned potentials which produced good signal intensity as well as good 
mass resolution. Subsequently, a solid sample of coronene was applied to the sample 
stub, and a laser desorption laser photoionisation mass spectrum obtained. 
4.2 Resolution 
Mass Resolution 
The typical mass resolution obtained under nanosecond photoionisation conditions 
was M = 1400. This value was calculated from the parent ion of coronene (mass 
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300.36), which had a flight time of 97.8[is. The full width at half maximum 
(FWHM) of this peak was 35 ns. The 266 nm photoionisation laser beam was passed 
through a vertical slit of around 2 mm, and was unfocused. Under femtosecond 
ionisation conditions, a mass resolution of ca. M = 2200 was obtained. This value 
was calculated from the parent ion of nickel octaethylporphyrin (mass 596), which 
had a flight time of 153.422 ts. The FWHM of this peak was 35 ns. The 50 fs 
pulselength laser beam was focused with a 25 cm focal length lens. 
Spatial Resolution 
This parameter was determined by the size of the desorption laser spot, and hence 
varied from desorption wavelength to wavelength. For JR desorption at 10.6 j.im, a 
spatial resolution of around 40 11m was typically obtained. The diffraction limited 
spot size of this laser beam was calculated (by using Equation 5-1) as ca. 22 [tm. For 
work carried out at 1.064 tim, a resolution of around 15 tm could be obtained. (The 
corresponding diffraction limited spot size was Ca. 2 pm). These values may not 
necessarily be the highest possible spatial resolution provided by each laser, but it is 
the smallest spot size which does not produce an uncontrollable amount of laser 
power density. This was especially a problem for the shorter desorption laser 
wavelengths. 
4.3 Sensitivity Measurements 
4.3.1 Infrared (10.6 rim) Desorption 
The sensitivity of the instrument was determined and compared with that of the 
older L2MS instrument, MB2. Both sets of sensitivity experiments were carried out 
in as similar a manner as possible, therefore, it was necessary to keep certain 
parameters constant. 
The first factor was the power density and spot size of the desorption (CO 2) laser. 
An aperture was placed about 20 cm from the CO2  laser to attenuate the laser power 
density. A Gentec joulemeter (with a calibration factor of 10.12 VJ 1 ) was used in 
conjunction with the LeCroy storage oscilloscope to measure the pulse energy after 
this aperture, both before and after the two gold mirrors used to direct the laser beam 
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into the sample chamber. A pulse energy of Ca. 30 mJ, at an aperture size of 7 mm, 
was normally used for the experiments on both instruments. However, differences in 
power density unavoidably still existed because of the different focal lengths of the 
desorption lenses and their differing positions from the sample surface. The detailed 
configuration of the two instruments prevented any closer comparison to be made. 
The second factor was the power density of the ionising (Nd:YAG) laser. The 
pulse energy of this laser was altered by varying the oscillator and amplifier voltages. 
These voltage settings were varied as necessary to give a constant output energy, as 
measured by a Scientech power meter. A pulse energy of 2-5 mJ was typically used. 
A third factor was the number of gold mirrors used to direct the infrared beam, 
and the number of prisms used for direction of the ultraviolet beam. In this way the 
energy losses due to the optical delivery train were similar. 
The sensitivity measurements were carried out on tryptophan. Two solutions of 
tryptophan in methanol, one at a concentration of 0.0108 M, the second at 0.0082M, 
were prepared. For each experiment, 100 il of solution was syringed into the 
capillary of the electrospray apparatus, and a potential of 10 kV was applied. Once a 
fine, fairly homogeneous spray was obtained, the intermediate disc was moved out of 
the spray and the sample stub was coated. All the solution in the capillary was 
sprayed, in around five minutes. Accounting for losses caused by the spraying 
diameter being larger than the stub diameter, and the initial inhomogeneous spray 
onto the intermediate plate, the amount of solution actually coating the sample stub 
was between 2-6 tl for all experiments. 
The sample was irradiated by sixty desorption laser pulses and an average laser 
photoionisation mass spectrum was accumulated for those sixty shots. The sample 
stub was moved to a different position, so that a new spot of the sample was exposed 
to the desorption laser, and sixty shots were again fired. This was completed for a 
total of five different spots on the sample. The integral area under the peak, (in 
nanovolt seconds) corresponding to the dehydroindole fragment ion of tryptophan 
was measured using a processing function on the digital oscilloscope. These signal 
intensity values were compared for both instruments. 
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The sensitivity calculations initially assumed that sixty desorption laser pulses 
removed almost all of the sample, but a further test proved this was not the case, see 
Figure 4-1. In fact, the sixty desorption laser pulses removed only around 50% of the 
sample. The detection limits for both instruments were therefore calculated assuming 
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Figure 4-1: Graph showing the relationship between the signal intensity of the 
dehydroindole ion with the number of desorption laser shots. All shots were taken from the 
same sample spot, displaying sample removal. The desorption and photoionisation 
wavelengths were 10.6 tm and 266 nm, respectively. The sample substrate was stainless 
steel and this experiment was performed on the laser mass microscope. 
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Sensitivity results for tryptophan 
Table 4-1 shows the integrated peak areas for the fragment ion of tryptophan, at mlz 
= 130, averaged for various sample spots for both L2MS instruments. 
Instrument Solution Average Integrated 
Area 
Detection Limit 
Microscope 0.0082 M 18 nVs 14 fmoles I shot 
MB2 0.0082 M 0.2 nVs 4 pmoles I shot 
Table 4-1: A comparison of the average integrated area of the dehydroindole ion of 
tryptophan for both the microscope and MB2. Also shown are the corresponding detection 
limits for both instruments, based on tryptophan. The desorption and photoionisation 
wavelengths for both instruments were 10.6 gm and 266 nm, respectively. The sample 
substrate was stainless steel in both cases. 
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Also shown in the table are the detection limits for tryptophan for both 
instruments. The sensitivity of the microscope was estimated to be 14 fmoles (8.4 x 
iO molecules). These values however, are not absolute limits, as the concentration of 
the tryptophan solution could have been decreased further, hence lowering the limit. 
However, for these comparison experiments, it was not convenient to do this as the 
signals on the MB2 instrument were becoming very small. Also, as previously 
explained, sixty desorption laser pulses did not remove all the sample from the 
irradiated spot. 
A further consideration, relevant to the comparison of the two instruments, is the 
behaviour of the two detectors. Both instruments have dual microchannel plate 
detectors, with different gain values. This makes exact comparison difficult, as an 
applied voltage to one detector does not produce the same voltage across the plates as 
the other detector. By calculation of the potentials across the resistor chains, and by 
physically measuring these potentials, it was found that an applied voltage of 2000 V 
to the detector in the microscope produces a potential across the plates of 949 V. In 
comparison, the same applied potential results in a voltage of 1000 V across the 
detector plates in the M132 instrument. 
4.3.2 1.064 tm Desorption 
The sensitivity of the laser mass microscope using a shorter wavelength 
desorption laser was also measured. This was carried out using a desorption laser 
spot size of ca. 35 jim. Two compounds were used to test the sensitivity of the 
instrument, coronene and tryptophan. 
In the first set of experiments on coronene, 0.008 g of coronene was dissolved in 
10 ml CHC13 and the solution was diluted by a tenth. The number of moles of 
coronene present in this second solution was 2.66 x 106.  This solution was 
electrosprayed over the sample stub and mass spectra were recorded under similar 
experimental conditions to those used for the infrared desorption sensitivity 
experiments. The JK Nd:YAG laser flashlamp settings were 730 V on the oscillator 
and 720 V on the amplifier, and a 2mm slit was positioned before the entrance 
window for the 266 nm laser beam. The voltage on the MCP detector was set to 5.5 
M However, an unexpectedly large ion signal was observed. Since the other 
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sensitivity experiments had been carried out, a new impedance-matched detector had 
been fitted which supposedly had the same gain as the old one. (The older one had 
been replaced due to the large amount of ringing observed on high intensity signals.) 
It was likely that either the old microchannel plates were damaged or in fact had a 
lower gain than those in the new detector. 
It appeared, therefore, that a large gain in sensitivity had been obtained by 
replacing the detector. The voltage on the MCP was turned back down to 4.5 kV for 
the remainder of the experiments. The solution of coronene was successively 
diluted, recording mass spectra each time until the test solution contained 2.66 x 108 
moles. This was equivalent to 5 x 10-16  moles of coronene being present in the area 
irradiated by the 1.064 tm desorption laser. From the mass spectra recorded, each 
accumulated for one hundred laser shots whilst desorbing from the same spot on the 
sample, the intensity of the coronene parent ion was plotted against the number of 
desorption shots, see Figure 4-2. This figure shows that the signal intensity is 
reduced to less than 10% after 700 shots. If one assumes that practically all of the 
sample was desorbed after 700 shots, then in one average desorption shot, 7 x 10" 
moles are desorbed. 
A similar experiment was also carried out for a sample of tryptophan. The original 
solution of 0.0175 g of tryptophan in 10 ml of methanol was diluted until a solution 
containing 7 x iO moles was obtained. Again, around 700 shots were required to 
reduce the signal intensity to 25% of the initial value. Therefore, for one average 
desorption shot, 2 x iO moles were desorbed. The results from both these 
experiments are listed in Table 4-2. 
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Figure 4-2: Depletion of sample, displayed in decreasing parent ion intensity against 
number of desorption shots. 
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Sample Concentration Detection Limit 
Coronene 0.000027 M 0.7 attomoles/shot 
Tryptophan 0.000009 M 0.2 attomoles/shot 
Table 4-2: Detection limits obtained for the laser mass microscope using 1064 nm 
desorption, for coronene and tryptophan. 
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4.3.3 Comparison of Sample Homogeneity 
The usual method previously employed for sample deposition onto the stainless 
steel sample probe, was to dissolve the sample in an appropriate solvent which was 
dropped from a pipette onto the probe and the solvent allowed to evaporate. 
However, this method did not produce very even coverage, with most of the sample 
being concentrated around the periphery of the circular sample stub. An improved 
method was electrospray deposition, as described earlier in Section 3.3.1. The two 
methods were compared by recording spectra at several spots on the sample and 
measuring the absolute intensity of relevant peaks in the spectra. Graphs were plotted 
of peak intensity versus mass, to show the consistency ranges for both methods of 
sample preparation. These experiments were performed on tryptophan and coronene, 
the mass spectra of which are shown in Figure 4-3 and Figure 4-4, respectively. The 
peak intensities of the parent ion of tryptophan, mlz = 204, and that of the 
dehydroindole ion, mlz = 130, are plotted in Figure 4-5, along with the signal 
intensities for coronene and its major fragment ion at mlz = 276. The results for 
samples which were deposited using drop pipetting are displayed as crosses, and 
those obtained for electrospray deposition are shown as diamonds. 
The inconsistency of the dropping pipette method is clear for both samples. The 
signal intensities for the parent and fragment peaks exhibit a much smaller variation 
for the electrosprayed samples, showing an improvement in reproducibility and 
hence better sample homogeneity. The peaks due to the parent ion of coronene, at 
mlz = 300, are of higher intensity for the dropping pipette method because after the 
solvent has evaporated the coronene tends to be concentrated in thicker spots rather 
than a thin, even layer. The tryptophan residue has a more homogeneous appearance. 












50 	100 	150 	200 	250 	300 
m/z 
Figure 4-3: Mass spectrum of tryptophan. The parent ion is at mlz = 204 and the peak at m/z 
= 130 corresponds to the dehydroindole ion. Desorption at by 1.064 Pm and photoionisation 
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Figure 4-4: Mass spectrum of coronene. Desorption at 1.064 pm and photoionisation at 266 
urn 
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Figure 4-5: A comparison between two types of sample preparation. Graph a) displays the 
signal intensities for the parent ion and the dehydroindole ion of tryptophan, and graph b) 
displays the intensities obtained for the parent ion and the m/z = 276 fragment ion for 
coronene. In both graphs, the results obtained by the pipetting the sample onto the substrate 
are marked by crosses, and those obtained by electrospray sample deposition are marked by 
diamonds. 
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4.4 Developments to Laser Mass Microscope 
Throughout these studies, a number of improvements to the original design of the 
laser mass microscope were made. The one which made the most marked 
improvement was the replacement of the original MCP detector, which had a flat 
plate anode, with one filled with an impedance-matched conical anode. This removed 
the ringing observed with the original detector, and the microchannel plates in this 
new detector were obviously in much better condition than those in the old one, as 
clearly apparent from the greatly improved detection sensitivity. 
Although the sample chamber was fitted with a wobble stick, this was not 
necessary to transfer samples from the magnetic linear drive to the sample holder 
post. A transfer fork which grasped the indented base of the sample stub was fitted to 
the end of the linear drive for simpler sample transfer. In the original design the 
sample stubs were located loosely onto a 12 mm diameter sample holder post which 
was attached to the XYZ manipulator mounted on to a FC 70 conflat flange on the 
bottom of the sample chamber. It became apparent during preliminary mapping 
experiments that the sample stub was moving on the sample holder post during slow 
scanning, due to the stepper motors moving the sample holder post in a series of 
slow, jerking movements. A new sample holder post was designed so that the sample 
stubs rested more securely and were less likely to move in this unwanted circular 
motion. 
In order to further improve the performance of the instrument, future 
developments could be made. The most obvious of these is the permanent installation 
of a microscope for sample viewing during scanning experiments. A further benefit 
would be the development of dedicated software for the instrument which would 
enable, for example, signals from the digital storage oscilloscope to be summed for 
peak signal intensities within certain mass regions and to store these as a function of 
the number of laser shots. This would eliminate the vast amount of time-consuming 
manual labour required to produce the line scans, shown in Chapter 5, which required 
the integrated peak intensity of a certain mass to be calculated using a process 
function on the DSO, for around every 200 tm of movement of the sample stub. 
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Obviously, if a more detailed chemical map were required, then this process would 
have to be repeated more frequently. 
Chapter 5 
Spatial Mapping of Organic Adsorbates 
5.1 Introduction 
As described in Chapter 1, spatially resolved molecular analysis has many 
important applications. The aim of this work was to perform in situ analysis with 
higher spatial resolution than was possible with the original existing instrument in 
the laboratory. The new instrument which has been constructed has more accurate 
control over sample positioning and has been used to carry out a number of trial 
experiments. 
While there exist many well established techniques for spatially resolved 
elemental analysis, e.g. LAMMA, STM, ESCA, there are fewer corresponding 
methods for spatially resolved molecular analysis. Desorption of molecules must be 
accomplished with minimal fragmentation else molecular ion information will be 
lost, which poses a problem for involatile and/or thermally labile compounds. Of 
course for elements this is not a problem as they are already in their simplest form. 
However, as much of the real world is composed of organic species either within 
complex matrices or residing on various surfaces, the area of high spatial resolution 
molecular analysis presents an important challenge. 
One main problem alluded to earlier is the thermal fragility of molecular species. 
Traditional methods for evaporation often result in decomposition rather than 
volatilisation of thermally labile compounds. Also, for analysis on the microscopic 
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scale, there is a need for localised heating, or else much of the area surrounding the 
spot of interest may be volatilised, hence forfeiting the high spatial resolution. 
Several techniques have been developed for the molecular microanalysis of 
surfaces. These include Secondary Ion Mass Spectrometry (SIMS) and Laser 
Microprobe Mass Analysis (LAMMA), which cause ejection of ions by 
bombardment either with a high energy beam of ions (SIMS) or photons (LAMMA). 
SIMS is an important mass spectrometric tool for the molecular analysis of 
polymeric, organic and biological surfaces. The sample is bombarded with an 
incident (or primary) ion beam usually consisting of Ar ions, typically of 1-100 keV 
energy. The ion beam has a typical spot size of 5 tm and is pulsed at a repetition rate 
of around 5 kHz. The implantation of this ion beam is thought to instantaneously 
generate a series of collisions which set up a cascade within the sample under study 
[1]. These collisions lead to the ejection of neutral species and ions away from the 
impact region, which are characteristic of the sample. This process is called 
sputtering. However, a serious consequence of this sputtering is that a large amount 
of damage occurs within -P50 A of the point of impact on the sample. The 
"secondary" ions which are formed are then mass analysed using either a quadrupole, 
Fourier transform ion cyclotron resonance or, increasingly, a time-of-flight mass 
spectrometer. Only species near the surface and with momenta directed upwards 
away from the surface have enough energy to escape. As a result, SIMS is a 
particularly surface-sensitive technique: the information depth is less than three 
monolayers [2]. 
The extent of primary ion damage to the sample surface increases with increasing 
primary ion current density. SIMS is typically carried out under a limited primary ion 
flux known as the "static limit". The static limit of the number of primary ions is 
defined as approximately one percent of the number of sample molecules which 
make up a monolayer. For most organic samples this corresponds to between 10 12 - 
1013 primary ions per cm 2 . 
Beyond this static limit, the technique becomes more destructive and the sample 
ceases to emit characteristic secondary ions. Another effect of exceeding this limit is 
that primary ions become implanted into the sample. Such ions can produce new 
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peaks in the mass spectrum. Another effect is chemical alteration of the sample, due 
to damaged molecules becoming trapped below the surface and reacting. However, if 
operating conditions are kept within the static limit, the ionisation yield may not be 
as high as desired. 
Another major problem with SIMS is that of sample charging, due to the fact that 
a positive ion beam is used and such ions can become implanted within the, 
normally, insulating sample. McMahon et a! [3] combat this problem by use of a 
flood gun, an electron beam of 5-10 eV, to traverse the sample surface to allow 
electrons to be attracted to areas of positive charge on the sample. Normally, the 
electron flood gun is pulsed on when the primary ion beam is off. 
SIMS can be used to characterise surfaces, providing chemical maps and images 
of the outermost two to three atomic layers of a sample. Due to the sputtering 
mechanism of desorption, it can also be used for two dimensional depth profiling. In 
the case of imaging, one important factor is that of spatial resolution. The higher the 
resolution, the more detailed the information provided by the image. In order to 
obtain the highest resolution, the incident beam must be as small as possible to 
produce a small impact region from where information can be extracted. This 
produces more pixels on the picture and therefore finer detail. One way of obtaining 
smaller ion beam diameters is to use a liquid metal ion gun (LMIG or L-SIMS) [4,5]. 
Instead of using a primary ion beam consisting of a noble gas, either Ga or Cs is 
used. This enables a spatial resolution as low as 50 nm to be achieved. 
Precise quantitative analysis of an unknown sample by SIMS is not possible due 
to the fact that the percentage of secondary species emitted as ions rather than 
neutrals varies widely across the elements (and even more across different 
molecules), and also varies depending upon which other elements are present in the 
sample. Also, in the case of direct SIMS, where only the direct ions not post-ionised 
neutrals that are emitted from the sample, are detected, the number of secondary ions 
observed do not correlate with the number of atomic species within the sample. 
However, precise quantification is possible for a known element present in trace 
amounts in a known host matrix, provided that suitable calibration standards can be 
prepared. 
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A further problem with quantification originates from the topography of the 
sample. In general, the secondary ion yield largely depends on the incident angle of 
the primary beam to the sample surface. If a sample is uneven, then the sputtering 
rate varies from point to point, depending on the incident angle of the ion beam, 
making the depth of the sample uncertain. One recent development in SIMS has been 
to use a focused gallium ion beam (FIB-SIMS) in conjunction with a procedure 
called the "shave-off' mode [6]. This procedure involves first shaving an uneven 
particle off from one edge to another with the focused ion beam, yielding a cross-
section of the particle, producing a flat sample surface. The focused Ga ion beam is 
then used as an analytical probe, whilst at a constant angle of incidence with the 
surface. This has been shown to carry out the high spatial resolution three 
dimensional analysis and depth profiling of implanted elements in microparticles 
with uneven surfaces: a spatial resolution of 50 nm for 3D analysis and a depth 
resolution of up to 5 nm were reported [7]. 
The ability to produce elemental and molecular maps of surfaces is vital to 
many types of industry- one of these is the polymer industry. To date, core X-ray 
photoelectron spectroscopy (XPS) has been the primary polymer surface analysis 
technique [8]. This technique involves irradiating the sample with photons, usually 
from either a MgKa or A1Ka source, causing core electrons to be ejected from 
surface atoms with a certain kinetic energy. As the binding energy of core electrons 
is characteristic of the elements in question, one can obtain a fingerprint of the 
surface elements. 
Since the ionisation potentials of core electrons can be shifted slightly by locally 
bonded species, core-XPS can give information on the chemical environment of the 
element in question. To improve the degree of surface-sensitivity, the X-ray beam is 
usually set at a grazing angle to the surface. This is because the near-surface 
electrons have less distance to travel to escape and therefore have a higher 
probability of being detected. Electrons emitted from within the bulk are most likely 
to exit at angles close to the surface normal [9,10]. 
The region of the material which is sampled by XPS is 20-50 A; this defines the 
surface region. Perry et al [11] have demonstrated the applicability of XPS to the 
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study of polymer surfaces. This technique, however, has limitations when dealing 
with unknown complex molecules and mixtures of such molecules. For this reason, 
SIMS has overtaken XPS as one of the standard tools for polymer surface 
characterisation, although the two are often used conjunctively. For example, Briggs 
et a! [12] have investigated the surface cross-linking in polymer gels by 
complimentary use of core-XPS and static L-SIMS. SIMS is far more sensitive than 
XPS to the structural changes accompanying surface cross-linking. 
Another application of SIMS is in the paper industry. Brinen and Kulick [13] have 
used SIMS with ESCA- electron spectroscopy for chemical analysis (or core-XPS) to 
gain insight into the cause of sizing difficulties in paper; sizing is the addition of 
chemicals to paper in order to improve its printing and writing quality. SIMS can 
identify areas where the sizing has built up and the chemical composition of such 
features on the paper. SIMS can also be used for the analysis of colourants on paper 
surfaces, as Pachuta and Storal [14] have reported. This area of application is 
important in forensic science and for historical analysis of documents, works of art, 
etc. 
As mentioned earlier, laser microprobe mass analysis (LAMMA) is a mass 
spectrometric technique in which the secondary ions are produced by bombardment 
of a sample with a high energy beam of photons. In its original form, as with SIMS, 
LAMMA was employed as a direct technique i.e. the desorption and ionisation steps 
were coupled together in one step. However, nowadays postionisation is commonly 
employed, allowing independent optimisation of both steps. 
The first laser microprobe mass analyser was introduced in 1973 and a few years 
later a commercial instrument, the LAMMA-500 appeared. Hercules and Wilk [15] 
produced molecular ion maps of various organic dyes using a commercial laser mass 
spectrometer (the LAMMA- 1000) in direct mode, i.e. no postionisation. However, in 
the case of imaging, the direct ion image can be severely distorted due to the surface 
matrix effect, and this is another good reason to employ laser postionisation. 
Ma et al [16] have described a microprobe instrument which uses an all-reflective 
mirror system instead of lenses (as in the LAMMA models) for microfocussing the 
Chapter 5. Organic Spatial Mapping 	 92 
desorption beam. This instrument can be operated in either SIMS/SNMS mode or 
laser desorption mode, combining laser postionisation. 
A very recent development using a laser desorption source, is that of the NSOM-
based laser desorption microprobe [17]. This combines surface profiling with high 
resolution by means of scanning probe microscopy, and chemical analysis by mass 
spectrometry. This instrument is similar in some respects to both LAMMA and SIMS 
instruments, but with two main differences. Firstly, the spatial resolution is not 
diffraction limited as with conventional laser desorption sources, and secondly, the 
probe is held at a constant distance from the sample, hence simultaneously acquiring 
topographical information. A pulsed UV laser (337 rim) is coupled to a tapered 
fibreoptic probe which itself is coupled to the scanning head of a near-field 
microscope. This is kept at a distance of around 10 nm from the sample. Directly 
desorbed or nascent ions following laser irradiation are detected by time-of-flight 
mass spectrometry. At the moment, the spatial resolution of this instrument has been 
reported as 1 im [17]. 
5.2 Infra-red Desorption 
5.2.1 Analysis of Desorption Laser Spot Size 
In order to measure the spatial resolution achievable on the laser mass microscope 
the focal spot size of the desorption laser was measured by employing the "knife-
edge" technique of Leone [18]. The experimental set-up is shown in Figure 5-1. The 
experiments were performed out of the vacuum system, on a workbench, to permit 
access to the laser focal region. The CaF 2 lens was removed from the cylindrical 
mounting tube on the linear transfer drive and the gold mirrors were set up in the 
same positions as for normal experiments. A razor blade was glued to a micrometer 
XYZ stage and positioned in front of the laser focus (in the x direction). A 
photodiode (Molectron J3-09) was positioned behind the razor blade and the signal 
monitored on the LeCroy DSO. The razor blade was moved (in the y direction) so 
that a maximum signal was observed on the DSO, then moved by arbitrary 
increments in the y direction whilst monitoring the photodiode signal. The signal 
intensities were plotted against the number of increments, then this curve was 
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differentiated to produce a Gaussian peak, the full width at half maximum of which 
was equivalent to the diameter of the laser spot at that x position. The razor blade 
was then moved to different x positions, both before and after the focal spot and the 
same procedure was repeated. The laser spot diameters were then plotted against 
distance between the razor blade and the CaF 2 lens (x position). The minimum of this 
plot represented the minimum laser focal spot size, and the corresponding x position 
was the distance after the CaF 2 lens where the focus was found. Such a plot is shown 
in Figure 5-2 illustrating that in this case the focal region of the CO2  laser occurs over 
quite an extended region 115 to 120 mm after the CaF 2 lens, and has a spot size 







Figure 5-1: Experimental set-up for the measurement of the desorption laser spot size and 
its focal position. P corresponds to the photodiode. 
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Figure 5-2: Plot of desorption laser (CO2 laser at 10.6 gm) spot size against distance 
between CaF2 lens and knife-edge. The spot size at the extended focal region of 115 to 120 
mm is around 35-40 gm. 
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5.2.2 One Dimensional Line Scanning 
In order to carry out preliminary scanning experiments in one dimension a sample 
stub was half-coated with a tryptophan / methanol solution (0.016 M) using the 
electrospray technique. One half of the sample stub was masked whilst the other was 
coated. The mask was removed and the sample was scanned by setting the stepper motor 
to a slew velocity of 5 steps per second. Analysis commenced at the side of the stub 
where no tryptophan was present. Aniline was present as a vapour in the chamber in 
order to monitor any fluctuations in the photoionisation laser pulse energy. Figure 5-3 
shows a plot of dehydroindole fragment ion signal intensity as a function of distance 
travelled across the sample. The intensity of the aniline signal decreases slightly when 
tryptophan is present, most likely due to the plume of neutral tryptophan molecules 
pushing the aniline molecules out of the analysis region. 
A sample stub was then prepared consisting of two outer strips of tryptophan 
(0.016 M) with a central masked strip. The mask over this central strip was then 
removed and the whole sample stub was electrosprayed with coronene (0.0024 M). 
Figure 5-4 shows the resulting line scan obtained by monitoring the tryptophan 
dehydroindole ion and the coronene parent ion. 
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Figure 5-3: Line scan of a sample stub half electrospray coated with tryptophan. The signal 
intensity of the dehydroindole ion, m/z = 130 was monitored with respect to the distance 
moved across the sample. Aniline was present as a vapour in the chamber. 
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Figure 5-4: Line scan of a sample consisting of three strips, the two outer ones 
electrosprayed with tryptophan, the central one masked. The whole sample stub was then 
sprayed with coronene. 
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The same results as those shown in Figure 5-4 are also displayed in Figure 5-5 as 
a three dimensional plot showing how the signal intensity of both the tryptophan and 
coronene varied as the sample was scanned. 
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Figure 5-5: 3-D plot of a line scan across a sample consisting of three strips: the outer two 
were electrosprayed with tryptophan whilst the central strip was masked. The whole sample 
was then sprayed with coronene. 
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A surprising feature can be seen in both Figure 5-4 and Figure 5-5. The signal 
intensity of the tryptophan dehydroindole fragment ion varies with distance travelled 
across the sample stub as expected, i.e. initially the intensity is high, indicating the 
presence of tryptophan on the sample stub, then the signal drops effectively to zero 
and finally rises again to a level similar to that seen initially. This intuitively follows 
the pattern expected for a sample with two outer strips of tryptophan separated by 
one clean strip. However, one would expect the signal intensity of the coronene 
parent ion to remain fairly constant with movement across the stub, but this is clearly 
not the case. The coronene signal varied in a similar manner to the tryptophan signal, 
dropping effectively to zero at the same point as the tryptophan signal did. This could 
either be an adsorption feature, due to the coronene adsorbing more onto the organic 
sublayer rather than the metallic stub surface, or it may be due to the coronene 
desorbing more efficiently from the organic surface rather than the conducting 
surface. It would seem unlikely for desorption from the organic layer to be so many 
orders of magnitude more efficient than desorption from the metal surface. The most 
likely explanation is that the actual sample deposition of the top coronene layer is not 
in fact homogeneous and more is adsorbed onto the organic layer of tryptophan. To 
verify this it would necessary to carry out an independent measurement of the sample 
topography. 
5.3 Shorter Wavelength Desorption 
5.3.1 Analysis of Desorption Laser Spot Size at 532 nm 
Experiments to measure the spot size of the Minilite Nd:YAG laser at the 
frequency doubled wavelength of 532 nm were carried out in the same manner as for 
the infra-red CO 2 laser. A negative lens was used to expand the laser beam in order to 
reduce the power density on the sample, and was positioned 67 cm before the CaF 2 
focusing lens. Figure 5-6 shows a plot of the laser power as a function of the 
movement of the knife-edge across the laser beam. Differentiation of this data gave 
the Gaussian peak shown in Figure 5-7. This procedure was then repeated for a 
number of other positions of the knife-edge both before and after the focal region. 
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Figure 5-6: Graph displaying the relationship between laser power and the distance moved 
across the optical axis from the CaF2 lens (in the y direction). Measurements were taken at 
a distance of 74 mm between the CaF2 lens and the knife-edge. The laser wavelength was 
532 nm. 
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Figure 5-7: Differential of the laser power with respect to the distance moved by the knife 
across the laser beam. This plot is equal to the laser spot size at a distance of 74 mm 
between the CaF2 lens and the knife-edge. Laser wavelength is 532 nm. 
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The resulting laser spot sizes obtained by this method are displayed in Table 5-1. The 
spot size corresponds to the full width at half the maximum of the Gaussian fitted 
curve (see Figure 5-7). A plot of spot size against the distance between the CaF 2 lens 
and the knife-edge yields a Gaussian curve, as shown in Figure 5-8, illustrating the 
dimensions of the beam waist of the laser in the focal region and provides a good 
estimate of the focal spot size. 
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Distance between lens and knife edge / 
mm 









Table 5-1: Spot sizes measured for the focal region of the Minilite Nd:YAG laser at 532 nm. 









74 	 76 	 78 	 80 	 82 
distance between CaP 2 lens and knife edge 
Figure 5-8: Plot of desorption laser (Minilite Nd:YAG at 532 nm) spot size against distance 
between CaF2 lens and knife-edge. The spot size is smaller than 10 tm at a distance of ca. 
78 mm from the CaF2 lens to the sample. 
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The diffraction limited spot size of the laser was also calculated to provide a value of 
the theoretically smallest spot size. This is given for a Gaussian beam, by the 
following expression [19]; 
d 
- (0.612) 
mill (n sin a) 
Equation 5-1 
where 0.61 is the constant for the Rayleigh resolution condition for a Gaussian beam 
of wavelength ?, passing through a lens of refractive index n, with an aperture angle 
a. In this case, the focusing lens was a CaF 2 lens with a focal length of around 8 cm 
at ? = 532 nm, and a refractive index of 1.44. 
The calculated diffraction limited spot size was around 0.7 Vtm. As can be seen 
from Figure 5-8, the experimentally measured focused spot size was ca. 7 Vtm. This 
value is reasonable, considering that it is difficult to approach very close to the 
diffraction limited spot size. In addition, experimental errors in measuring the laser 
intensities, which often displayed fluctuations due to the beam "breathing", i.e. 
moving tiny amounts in space, were introduced by this method of spot size 
determination. 
5.3.2 Analysis of Desorption Laser Spot Size at 1.064 im 
The same technique was used to measure the laser spot size at the fundamental 
wavelength of the Minilite Nd:YAG laser. The results are displayed in Figure 5-9. 
The spot size at the focus was approximately 10 jim, with the focal distance around 
79 mm. However, in the line scanning experiments described in the following 
section, a larger spot size of around 30 jim was employed. This was controlled by the 
appropriate setting of the linear transfer drive to correspond to the required distance 
between the lens and sample stub. 
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Figure 5-9: Plot of desorption laser (Minilite Nd:YAG laser at 1.064 tm) spot size against 
the distance between CaF2 lens and knife-edge. The minimum focal spot size was ca. 10 Vtm 
at a distance of ca. 79 p.m between the focusing lens and the knife-edge. 
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5.3.3 Line Scanning 
Line scanning, i.e. one dimensional experiments, were carried out using the 
fundamental wavelength of the Minilite Nd:YAG laser using coronene as a sample. 
A 0.0027 M solution of coronene was made up by dissolving 0.008 g of coronene in 
10 ml of methanol, which was then electro sprayed onto a central strip of a sample 
stub. The two strips on either side of this were masked whilst the electrospraying was 
taking place, so that both were free of coronene. The sample stub was moved in a 
direction perpendicular to the ion optical axis but in the same plane, so that the laser 
beam was almost hitting one edge of the stub. The stepper motors were set to a slew 
velocity of 5 steps per second, and set to move 3000 steps. This corresponded to a 
little more than the diameter of the sample stub. The LeCroy DSO was set to record 
the continuous average, with a 1:127 weighting, and a mass spectrum was recorded 
every 15 seconds. 
Once the sample had moved the full diameter of the stub and all the mass spectra 
had been recorded, the data was processed as follows. The integrated area of the 
coronene parent peak (in nVs) for each spectrum was calculated and plotted against 
the distance moved across the sample at that point. The results of such a plot are 
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Figure 5-10: Intensity scan of the coronene parent ion, prepared as a central strip on the 
sample stub by electrospray deposition. 
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Effect of sample thickness 
During these experiments using 1.064 j.im laser desorption it became apparent that 
the sample thickness had a large effect on the extent of fragmentation in the resultant 
mass spectra. This was noticed when comparing the two methods of sample 
deposition; electrospray, which provides very thin samples and drop coating, which 
provides much thicker samples. For both methods, two experiments were performed. 
The first involved monitoring the intensity of both parent and fragment (276 amu) 
ions of coronene as the sample stub was scanned slowly. The second involved 
monitoring these ion intensities whilst desorbing from the same spot on the sample. 
The ratios of parent ion to fragment ion intensities were calculated in all cases. Plots 
of these ratios versus movement across the sample stub (marked by squares) and 
versus number of desorption shots (marked by triangles) are displayed in Figure 5-1 1 
for the case of electrospray deposition, and in Figure 5-12 for the drop coat method. 
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Figure 5-11: Graph displaying the relationship between the signal intensity ratio of parent 
ion (M+)  to fragment ion (F±)  for coronene and the distance across the sample stub (marked 
by the plot of squares) or the number of desorption shots (marked by the plot of triangles). 
Sample deposition technique was electrospray. 












Figure 5-12: Graph displaying the relationship between the signal intensity ratio of parent 
ion (Mj to fragment ion (F+)  for coronene and the distance across the sample stub (marked 
by the plot of squares) or the number of desorption shots (marked by the plot of triangles). 
Sample deposition technique used was drop coating. 
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A number of observations can be drawn from this data. The most obvious is that 
the drop coating method produces thick, inhomogeneous sample coverage on the stub 
which can be mapped out in the corresponding mass spectra. The ratio of parent ion 
to fragment ion (M to F) signal intensity varies from one spot to another (varying 
from 0.3 to 1.5), presumably when moving from a thick part of the sample to a 
thinner part. The corresponding ratios measured for movement across the 
electrosprayed sample varied at the most between 1.0 to 1.5. 
Secondly, the ratio of M to F is generally greater for the stationary 
electrosprayed sample due to the thinness of the sample. This may be explained as 
follows. For a very thin sample, desorption takes place directly from the stainless 
steel substrate, whereas in the case of a thick sample, the initially desorbed material 
is desorbed from the undercoat of organic sample. The metal is obviously much 
better at conducting the deposited laser energy to the organic sample, where due to 
the large frequency mismatch between the substrate/adsorbate bonds and the strong 
intramolecular adsorbate bonds, a bottleneck of energy occurs, causing desorption 
without dissociation of the organic adsorbate. If the sample is thick and the first few 
hundred desorption shots cause only the top several layers to be removed, then this 
desorption takes place from other organic layers. The desorption process does not 
therefore occur in such a clean-cut manner due to the organic underlayer being 
capable of transmitting energy to the top organic layers. It may be possible that more 
energy is transferred into the desorbing molecules causing them to be internally hot, 
resulting in an increased amount of fragmentation, i.e. a lower M to F ratio. 
Finally, the electrosprayed sample exhibits a much greater rate of increase in the 
M to F ratio whilst desorbing from the same spot, due to the sample being depleted 
much more quickly than the thicker, drop coated sample. 
One Dimensional Line Scanning Employing 1.064 im Laser Desorption 
In the line scans obtained using the CO 2 laser for desorption, the signal intensity 
of coronene which had been electrosprayed over the whole sample stub surface, 
varied depending on whether there was a strip of tryptophan underneath or not. If 
there was tryptophan below the coronene, the intensity of the coronene signal was 
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greater than if there was no tryptophan underneath. It was not certain whether this 
was an adsorption or a desorption effect, i.e. whether the coronene applied adsorbed 
better onto an organic surface than onto stainless steel, or whether desorption from an 
organic underlayer was more efficient than from the metallic sample stub itself. The 
latter seems unlikely, because stainless steel will conduct the deposited energy to the 
physisorbed top organic layer better than an organic undercoat, hence the coronene 
sample should be released with more ease when there is no tryptophan underneath. 
This effect was not so apparent in mapping experiments carried out using the 
fundamental wavelength of the Minilite Nd:YAG laser, where less concentrated 
samples were applied. Figure 5-13 shows the results of a line scan across a sample 
stub electrosprayed with a central strip of trytophan (0.00086 M) then wholly 
covered with coronene (0.00027 M). The column graph is the amplitude of the 
tryptophan fragment ion signal, and the line graph is the amplitude of the coronene 
parent ion signal. It can be seen that the intensity of the coronene signal, which 
should be fairly constant across the sample, has two maxima at the edges of the 
tryptophan strip underneath. The rest of the sample seems to have a fairly constant 
amount of coronene present. Figure 5-14 shows how the signal intensity of 
tryptophan varies with the intensity of the over-layer of coronene. It can be seen that 
the expected distribution of tryptophan is mapped out over the diameter of the 
sample stub. 
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Figure 5-13: Plots displaying the amplitude of the tryptophan fragment signal (as a column 
graph) and of the coronene parent signal (as a line graph) with distance across the sample 
stub. Sample consisted of a central strip of tryptophan, covered with a whole layer of 
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Figure 5-14: Plot of the signal intensity of the tryptophan component across the sample with 
respect to the intensity of the coronene component 
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5.3.4 Single Fibre Analysis 
In an attempt to demonstrate the potential of this technique in a slightly more applied 
way, a swatch of cotton was soaked in a solution of coronene and left to dry in the 
air. A single cotton fibre was removed with tweezers, along the length of the 
coronene stain, and stuck directly onto the sample stub with sticky tape. The 
diameter of the cotton fibre was approximately 200 rim. The fibre under examination 
showed a clear variation in discolouration as one looked along its length. Figure 5-15 
is a line scan along the length of this single cotton fibre and appears to reproduce the 
general appearance of the dye stain. The solid line represents data accumulated 
during a first pass along the length of the fibre and the dashed line is a re-scan across 
the same sample, displaying slightly lower signal intensities probably due to 
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Figure 5-15: Line scan of a single coronene-stained cotton fibre. The solid line is the first 
scan along the length of the fibre, and the dashed line is a re-scan back across the same 
sample 
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5.4 Effect of Desorption Wavelength - Smaller 
Molecules 
In order to obtain higher spatial resolution on the laser mass microscope, it is 
necessary to move to shorter desorption laser wavelengths. For much of the earlier 
L2MS work, the 10.6 jim output of a pulsed CO2  laser has been the desorption 
wavelength of choice. Under conditions of low power density, desorption at 10.6 jim 
occurs in a relatively "soft" fashion imparting little excess energy into the desorbed 
neutral molecules. As the desorption wavelength becomes shorter, extending into the 
UV, several other factors may come into play. At sufficiently short wavelengths, the 
photon energy is sufficiently high that both desorption and ionisation can occur in 
one step, complicating the mass spectrum. Alternatively, the extent of internal energy 
deposition during desorption may be so great that there may be a very high degree of 
fragmentation. In order to investigate the viability of employing UV laser light for 
sample desorption, comparative measurements were made on coronene and 
magnesium phthalocyanine using laser desorption at 266 nm and 1.064 jim. 
Earlier experiments employing sample desorption at 1.064 jim using the Minilite 
Nd:YAG laser showed clearly that the neutral species were desorbed with higher 
velocities and with a higher degree of internal energy than in corresponding 
experiments using laser desorption at 10.6 jim. This was obvious from the much 
shorter delay time required between the desorption and ionisation lasers for 
desorption at 1.064 jim (ca. 4 jis) compared to earlier experiments involving 
desorption at 10.6 jim (ca. 50 jis) with the Ailtec CO 2 laser. A slight increase in 
fragmentation was also observed for some molecules. 
5.4.1 1064 nm and 266 nm Desorption of Coronene 
The fundamental wavelength of the Minilite Nd:YAG laser was used for 
desorption of a sample of the polycyclic aromatic hydrocarbon coronene, of 
molecular weight 300.36 Da. The frequency quadrupled output of the JK Nd:YAG 
laser was used to photoionise the desorbed molecules. The optimum delay between 
desorption and ionisation was found to be around 5 jis. A similar experiment was 
then carried out, this time using the frequency quadrupled output of the Brilliant 
Nd:YAG laser for sample desorption. A similar delay of 5 jis between the two pulses 
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was necessary. The same ionising laser power density was used in both cases. The 
resulting comparative photoiomsation mass spectra are shown in Figure 5-16. 
From the two spectra, it would seem, perhaps surprisingly, that desorption at 266 
nm does not impart a large excess of internal energy. This can be seen from the 
absence of any significant fragmentation. Both spectra are similar, except that the 
absolute signal level following desorption at 1.064 pm is much higher. The 
experimental conditions were kept as constant as possible when running these two 
spectra, so it would seem that this reduction in sensitivity for the shorter desorption 
wavelength was due to the reduction in spot size. A mass spectrum was also recorded 
using 266 nm desorption only to monitor the amount (if any) of direct ions reaching 
the detector. Hardly any direct ions were detected in this way. 
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Figure 5-16: Mass spectra of coronene recorded using  laser desorption at 1.064 Pm (top 
spectrum) and laser desorption at 266 nm (bottom spectrum). Photoionisation was at 266 run. 
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5.4.2 1064 nm and 266 nm Desorption of MgPc 
A similar set of experiments were also carried out on magnesium pthalocyanine, a 
larger molecule than coronene, possibly more likely to show up any differences if 
there were varying degrees of internal energy deposition in the desorbed molecules at 
the two different desorption wavelengths. The resulting mass spectra are shown in 
Figure 5-17. The two principal peaks observed in each case correspond to Mg and 
the parent ion of magnesium phthalocyanine. As for coronene, the two mass spectra 
obtained under different desorption conditions were very similar. There did not 
appear to be a greater degree of fragmentation for desorption at 266 run. 
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Figure 5-17: Mass spectra of magnesium pthalocyanine recorded using laser desorption at 
1.064 un (top spectrum) and laser desorption at 266 rim (bottom spectrum). Photoionisation 
was at 266 am. 




The work described in this chapter has demonstrated some preliminary spatially 
resolved mapping experiments. At this early stage, our instrument is not able to 
compete spatially-wise with some of the other more established instruments of 
groups such as Zare or with techniques such as SIMS which employ ion beams, 
capable of much smaller spot sizes (see Winograd et al [20]). Further work has to be 
carried out. 
The focal spot sizes of various desorption laser wavelengths have been 
characterised. Some of these different desorption wavelengths have been used in 
comparative line scanning experiments on model systems. The high sensitivity of the 
instrument has been demonstrated by carrying out a line scan on a single cotton fibre 
partially soaked in coronene. 
The effect of sample thickness on the appearance of mass spectra has been 
investigated. This was done by monitoring the degree of fragmentation of coronene 
as a function of sample thickness using two different methods of sample deposition. 
The ratio of molecular ion to fragment ion was greater for thinner sample coverage. It 
was also possible to map out the inhomogeneities in sample coverage exhibited by 
drop-pipetting the sample onto the stub. 
The effects of employing different desorption laser wavelengths (10.6 Vtm, 1.064 
pm, and 266 nm) have been studied. Although not quantitatively measured, the 
molecules desorbed at 1.064 pm and 266 nm came off much faster, inferring that 
these molecules were internally hotter than those desorbed at 10.6 pm. This was 
apparent in the relative time delays required between the desorption and ionisation 
lasers; a time delay of ca. 50 is was necessary for desorption at 10.6 tm, whereas a 
time delay of only ca. 4 s for desorption at both 1.064 p.m and 266 nm. Further 
studies are required in this area, possibly measuring the mean velocity profiles of 
desorbed species at these different laser wavelengths. 
The biggest change in desorption characteristics i.e. the mean velocity and internal 
temperature of the desorbed neutrals, appears to arise when going from 10.6 p.m to 
1.064 p.m. The photochemical complication of going to a desorption wavelength as 
short as 266 nm has not yet been seen as a problem. Reduced ion signal intensities 
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were seen for desorption at 266 nm compared to desorption at 1.064 pm. This may 
possibly be due to the strong absorption of 266 nm light for optically thick UV 
absorbing samples, resulting in a reduced desorption efficiency. 
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Chapter 6 
Theoretical and Practical Aspects of Intense 
Femtosecond Lasers 
6.1 Introduction 
The first laser system capable of generating sub-picosecond pulses appeared in the 
late 1970's. By the mid 1980's such systems were available in several laboratories. 
The availability of these laser systems has enabled significant progress to be made in 
studies of ultrafast molecular processes in the condensed phase, such as solvent 
relaxation, energy transfer in biological processes [1], as well as photophysical 
processes in the gas-phase, such as photoionisation and photodissociation. Studies of 
the interaction between intense femtosecond laser pulses and small to medium size 
molecules in the gas-phase, leading to ionisation, is a rapidly developing field which 
will be briefly reviewed here. 
Obviously, the very nature of femtosecond pulses means that they can be used to 
study the dynamics of bond breaking/in real-time [2] as well as photoionisation 
dynamics. Such studies to date have been concerned principally with exploring the 
ionisation mechanisms of atomic, diatomic and some triatomic molecules on the 
femtosecond timescale both under weak and strong field conditions. A potential 
advantage of using femtosecond lasers for photoionisation of larger molecular 
systems, is the possible increase in total ion yield as well as the increased likelihood 
of molecular ion production over dissociation products. This is simply due to the 
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faster up pumping rate to the ionisation continuum with femtosecond versus 
nanosecond lasers. For large molecules any initial excited state lying below the first 
ionisation potential can decay via a number of fast non-radiative channels, which can 
be highly competitive with further up pumping to the ionisation continuum using 
nanosecond laser excitation. The advantages of high ion yield with minimal 
fragmentation would clearly be of considerable benefit in laser mass microscopy. 
One of the main problems and limitations at the moment, is the unavoidable trade-off 
between spatial resolution and sensitivity. If it were possible using femtosecond 
lasers to photoionise the type of large, polyatomic molecules which are analytically 
relevant, with minimal fragmentation and increased total ion yield, then a significant 
step forward in laser mass microscopy could be made. 
As mentioned above, the majority of previous femtosecond laser mass 
spectrometry studies have been on atomic, diatomic or small polyatomic systems. 
Ledingham and Singhal have recently reviewed this area [3]. One problem in 
extending these studies to much larger molecules is the involatility and/or thermal 
lability of such compounds. This problem can be circumvented by the use of laser 
desorption for sample introduction into the gas-phase. A limited number of previous 
studies have been reported using this approach. However, most employ lasers of 
much longer pulselength and at near-resonant wavelengths with intermediate 
electronically excited states of the molecules under study. Weinkauf et al [4] and 
Grun et a! [5] in their studies used pulselengths of 500 Es and excitation wavelengths 
between 255 and 260 nm. The results presented/described in this thesis were obtained 
using much shorter pulses, around 50 fs, and at much longer off-resonant 
wavelengths of 750 nm and 800 nm. The results described in Sections 7.2, 7.3 and 
7.4 were obtained using a femtosecond laser system at the Rutherford Appleton 
Laboratory, Oxon., with a fundamental wavelength of 750 nm and capable of 
outputting pulses as short as 50 fs. Those results described in Section 7.5 were 
obtained using a femtosecond laser system in the laboratory of Prof K.H. Miewes-
Broer at the University of Rostock, Germany. This system operated at a fundamental 
wavelength of 800 nm and outputted pulses as short as 120 Es. 
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Femtosecond lasers produce extremely high peak powers and very strong 
associated electric fields. In fact, these electric fields can approach or even surpass 
the fields which bind valence electrons to nuclei. This high peak power leads to some 
interesting phenomena, such as above threshold ionisation (ATI) and perturbation of 
the potential surface. Above threshold ionisation was actually first detected in the 
multiphoton regime [6] where the high laser intensity resulted in a strong electric 
field. ATI involves the absorption of more photons into the ionisation continuum, 
than is necessary for ionisation. Agostini et a! [6] first observed the absorption of one 
additional photon above that required for ionisation of Xe by analysing the energy 
spectra of the emitted electrons. 
The perturbation of the atomic potential surface can also result in interesting side 
effects concerning ionisation. In fact, the absorption of femtosecond photons can lead 
to ionisation via very different mechanisms to that in conventional multiphoton 
ionisation. 
These mechanisms of ionisation may be far from obvious, with several possible, 
depending on the laser field strength. At sufficiently high laser intensities where the 
electric field approaches the Coulomb field of the atom, conventional perturbation 
theory breaks down. One can no longer assume that the number of photons required 
for photoionisation is equal to the ionisation potential of the atom divided by the 
laser energy, hv. Experimentally, a deviation from conventional multiphoton 
ionisation can be determined by performing power dependence studies. This involves 
measuring the ion yield as a function of laser power density. A double logarithmic 
plot is then drawn. If ionisation takes place by multiphoton ionisation (MPI) via a 
long-lived intermediate state, resonant with the incident wavelength, then the slope 
of this plot will be equal to the number of photons required to reach that intermediate 
state [7]. 
If ionisation occurs via a non-resonant multiphoton process, then the slope of such 
a double logarithmic plot will equal the number of photons whose total energy is 
sufficient to remove an electron. However, if a mechanism different to MPI is 
responsible for ionisation, then the slope of such a double logarithmic plot will 
exceed that expected for MPI. Such studies of ionisation mechanisms have been 
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carried out by various groups on the noble gases [8,9], cyclic aromatic hydrocarbons 
[101 and benzene [11], but most work has been centred on atomic species. 
A parameter was defined by Keldysh [12] for predicting the type of ionisation 
which could occur in atoms in certain field intensities. Equation 6-1 defines this so-
called adiabaticity parameter y. This describes the type of ionisation mechanism 
applicable to an atom of ionisation potential, IP, experiencing an electric field, E 0 and 
an angular frequency, Co. Other constants are the permittivity of free space , 
Planck's constant h, the mass and charge of an electron, m e and e and the Bohr radius 
a0 . When in the multiphoton ionisation regime, y >> 1. For tunnelling [13] or barrier 
suppression ionisation [14] y  <<1. 
e 0 h 2 




This Keldysh parameter can be viewed as the division of the ionisation potential 
of the atom by the ponderomotive potential of the laser [15]. It is this so-called 
ponderomotive force [16] that the ejected photoelectron experiences, which 
contributes to a greater number of photons being required for ionisation by a 
mechanism other than MPI. It is the energy required to place the photoelectron in the 
intense, oscillating electromagnetic field of the laser. This ponderomotive energy acts 
as an additional barrier which the outgoing photoelectron must overcome, resulting 
in an increase in the ionisation potential of the atom. This is especially important in 
the case of femtosecond irradiation where the associated electric field is particularly 
high. The ionisation of the noble gases by an intense 10" Wcm 2 dye laser has been 
studied by M.D Perry et al [9]. They report that for these high laser intensities, the 
ponderomotive potential may be as high as several electron volts, requiring the 
absorption of an additional photon above the number required to exceed the 
ionisation potential. 
In the case of tunnelling ionisation, the intense linear laser field distorts the 
potential well of an atom so that the barrier to ionisation is reduced, making it 
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possible for an electron to tunnel across this barrier. At even higher laser intensities, 
>10 Wcm 2, this barrier is sufficiently reduced that the electron is no longer bound 
to the atom, and can escape. The model of this so-called Coulomb barrier suppression 
ionisation (BSI) was first developed by Augst et a! [14]. lonisation occurs when the 
barrier is suppressed sufficiently to allow the electron to escape over the barrier 
rather than tunnelling through it. They quote a critical electric field, c, which is 
necessary in order to permit the bound electron to escape without tunnelling. If the 
laser electric field equals this value, then the electron can freely escape. The laser 
intensity at which this occurs, is known as the threshold intensity, as this is when 
ionisation commences. This threshold intensity is equal to the sum of the Coulomb 






Where E is the electric field due to the laser and Z is the charge on the ion. It is 
not only the applied linear field which is a limiting factor in the tunnelling process, 
but also the separation of nuclei in the molecular ion. Intense field ionisation rates 
have been shown to be very sensitive to this separation, with maxima in the 
ionisation rates being observed at critical internuclear separations [17]. 
Studies of the behaviour of atomic systems within the tunnelling regime [13] and 
the development of the barrier suppression model by Augst et a!, were all carried out 
on the five noble gases (He, Ne, Ar, Kr and Xe) using 1 ps pulses in the infrared at ?. 
= 1 j.tm with an intensity up to 1016  Wcm 2 . So although it has been possible to predict 
the behaviour of atomic systems by employing the Keldysh parameter, the tunnelling 
ionisation, or the barrier suppression ionisation model, similar studies of the 
behaviour of polyatomic species in intense laser fields are very limited. No consistent 
model for the behaviour of these more complex systems has yet been established. Do 
such molecules behave similarly to atoms or do the increased number of degrees of 
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freedom available in polyatomic systems for energy deposition and redistribution 
play an important role? 
Another effect of high intensity femtosecond radiation is that multiple electron 
emission can occur. Highly charged states can be detected, for example, Xe' 2 [8], 
and Ne4 [14]. 
Codling and Frasinski first discovered the Coulomb explosion phenomenun, also 
known as multielectron dissociative ionisation (MEDI), in 1987 [18]. If a large 
amount of kinetic energy is released in this process, then a Coulomb explosion takes 
place, ejecting some charged fragments in a direction toward the detector and some 
ejecting away from the detector. Codling and Frasinski have performed many studies 
on the Coulomb explosion of diatomic molecules [19] and small hydrocarbons [20] 
in intense laser fields. In the latter study they compared the fragmentation patterns 
and the kinetic energies of atomic ions generated by 5 picosecond pulses at a 
wavelength of 248 nm, and 0.6 picosecond pulses at a wavelength of 600 run. 
Similar fragmentation patterns were found in both cases, but the atomic ions H, C 
and C2 had much higher kinetic energies (from 14 to 28 eV for H) for the shorter 
ionisation pulses than for the longer pulses (1 to 1.4 eV for H). They also observed 
two groups of ions for each ion species when ionising with 0.6 Ps pulses. This was 
attributed to one group of ions being those ejected with velocities opposed to the 
applied electric field and the other initially ejected in the forward direction towards 
the detector. 
It has been observed that molecular ions are ionised preferentially at a specific 
interatomic distance [21], greater than the equilibrium distance of the molecule in the 
ground state. Also, that the polarisation of the laser has an important role in 
determining the resultant fragment ions of a Coulomb explosion [22,23]. It has also 
been observed that a molecule will align along the same vector as the applied laser 
electric field. If the ionising laser light is linearly polarised, in a direction parallel 
with the axis of detection, then the molecular axis also lies along this axis. After 
bond stretching, the fragments Coulomb explode backwards and forwards along the 
detection axis, hence are detected and seen in the mass spectrum as a split peak. If, 
however, the laser polarisation is switched to perpendicular to the detection axis, then 
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the mass spectrum is much simpler, with no peak splitting due to Coulomb explosion 
components. 
6.2 Ultrafast Sources 
The first major breakthrough in the development of femtosecond lasers came in 
the early 1980's, With the colliding-pulse mode-locked dye laser [24] which provided 
the first sub-picosecond pulses. This dye laser was normally pumped with a 
continuous wave argon ion laser, with output pulse lengths of around 60 fs being 
reported [25]. Further amplification into the gigawatt power regime was achieved by 
pumping an amplifier chain with an Nd:YAG laser. 
The CPM dye laser was a passively mode-locked laser. Mode-locking is the 
principal technique employed for the production of short pulses. It is possible to 
either passively or actively mode-lock a laser. Passive mode-locking is generally 
more difficult to control, and does not give as stable and reliable operation as active 
mode-locking. In general, to achieve mode-locked operation, it is necessary to 
introduce some device that will fix the phases of the laser modes. 
For N locked oscillating modes of equal amplitude within a laser cavity, the width 
of the output pulses at FWHM (full width half maximum intensity), is given by 
Equation 6-3 [46]. 
3'21) = (3)(  i 
FWHM = 
	 A VOSC J 
Equation 6-3 
Where 1 is the length of the laser cavity, c is the speed of light, and Av 0  is the line 
width of the laser. 
The benefits of mode-locking for the production of higher peak intensities and 
shorter pulse lengths was first reported in 1964 using a helium-neon laser [26]. This 
system provided a 56 MHz train of 2.5 ns width pulses. A simple example of the way 
in which mode-locking is beneficial has been given by Lengyel et a! [29]. For a laser 
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of optical length 60 cm, with a pulse length for each axial mode of 4 ns, mode-
locking 100 adjacent axial modes results in a pulse length of 4 x 10" s, with a peak 
intensity iO times that of the individual modes. 
As Equation 6-3 shows, due to the broader linewidth of solid state lasers 
compared to gas lasers, it is possible to produce narrower pulse widths. This fact led 
to a dramatic change in femtosecond laser technology with the development of the 
self mode-locked Ti:sapphire laser by Spence et al in 1990 [27]. This laser exhibited 
low amplitude noise and was extremely reliable [28]. For these reasons Ti:sapphire 
lasers replaced colliding pulse mode-locked (CPM) lasers in many laboratories in the 
early 1990's. The results in this thesis were obtained using femtosecond laser 
systems with Ti:Sapphire oscillators. 
6.2.1 Generation of Ultrashort Pulses 
A laser is a resonant structure with many modes of oscillation. These oscillations 
occur along an optical path between two highly reflecting end mirrors. Each mode 
has its own characteristic frequency but all lie within a narrow range of frequencies. 
The modes are equally spaced in frequency, separated by the time taken for a full, 
round-trip passage of light from one reflector to the other and back again. This time 
is equal to twice the optical distance between the mirrors divided by the speed of 
light [29]. These plane waves or modes are directed along the optical axis and are 
thus called axial or longitudinal modes. 
Lasers are designed so that most of the available energy is directed into only a few 
modes, so only selected frequencies are amplified. Amplification of modes will only 
take place above a certain threshold where the gain equals or exceed the losses. The 
amplitudes and phases of modes vary with time due to random fluctuations of the 
laser optical path length and due to the fact that the laser cavity is not a perfect 
electromagnetic cavity [30]. There is a certain amount of coupling or energy transfer 
between modes. 
Mode-locking involves locking of the frequency spacings, relative phases and 
amplitudes of the oscillating modes, to produce a well-defined output beam of high 
peak intensity. The resultant peak laser intensity is in fact N 2 times the amplitude of a 
Chapter 6. Theoretical and Practical Aspects of Intense Femtosecond Lasers 	135 
single mode, where N is the number of oscillating modes [31]. Mode-locking can 
also be thought of as the creation of the phase relationship which results in 
completely constructive interference between all the modes at just one point, with 
destructive interference everywhere else [32]. 
Passive or self mode locking can take place either by use of a saturable absorber, 
or by non-linear effects of the laser medium itself causing a fixed relationship 
between the modes. A saturable absorber is a material (solid, liquid solution, or gas) 
the transmission of which increases nonlinearly with increasing laser light intensity. 
When the population of the upper state of the absorbing transition equals that of the 
ground state, the material will not further absorb, and is said to be saturated. 
The setup within a passively mode-locked laser system using a saturable absorber 
is based on the microwave regenerative pulse generator described by Cutler [33]. 
This microwave pulse generator, shown in Figure 6-1 together with its optical 
equivalent, consisted of an expander, a filter, an amplifier and a feedback loop 
through a delay line. The expander is a non-linear element which attenuates low level 
signals more than high level ones, just as the saturable absorber transmits higher laser 
pulse intensities more than lower pulse intensities. A microwave pulse is recirculated 
indefinitely around the feedback loop, with each round-trip producing a pulse at the 
output terminal, but these pulses are not degraded by noise due to the presence of the 
expander element. The low amplitude signals are reduced, whilst the peak regions of 
the pulses are increased, and noise and reflections are discriminated against. This 
leads to pulses which are shortened up to a limit given by the frequency response of 
the circuit [34]. The input intensity has to be of a certain level. If it is too low, then 
no saturation will occur and therefore there will be no pulse shortening. If the 
intensity is too high, all of the pulse, even the weaker leading and trailing edges are 
transmitted through the absorber. 
A laser can be seen to behave in a similar way to this regenerative pulse generator, 
as it contains all the same elements except for the expander. The laser medium acts 
as the amplifier and filter, and the round-trip time of light in the resonator acts as the 
delay line. If a saturable dye cell is inserted into the laser cavity, then this acts as an 
expander, and the laser can output short, intense pulses. The saturable absorber must 
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have an absorption line at the laser wavelength, a line width equal or greater than that 
of the laser, and a recovery time shorter than the round-trip time for the light [35]. 
The most important characteristic of this method of self mode-locking, is that the 
saturable absorber can continue to shorten an optical pulse by the same fixed ratio on 
each round-trip, even when the pulse becomes very short [36]. This usually leads to 
much shorter pulses than for active mode-locking, which becomes less effective as 
the pulse length shortens. 
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Delay 










Figure 6-1: Block diagram of a) Cutler's electronic regenerative pulse generator (A.G.0 
stands for automatic gain control) and of b) the laser equivalent of the regenerative pulse 
generator. 
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Siegman [36] describes the various stages of passive mode-locking in a pulsed 
laser. The population inversion builds up at a fairly slow rate until the laser gain 
exceeds the losses. At this point, the signal in the cavity builds up from a weak 
distribution of noise spikes. This signal builds up until the laser reaches a second 
threshold when one favoured noise spike becomes intense enough that it is 
preferentially transmitted through the saturable absorber, and becomes more intense 
on successive round-trips. 
Active mode-locking generally does not produce such short pulses as passive 
mode-locking, but the output beam is usually more stable and well-defined. It can be 
applied to CW gas lasers, solid state lasers and to some pulsed or Q-switched lasers. 
In this method, an amplitude modulator, driven at a frequency that almost matches 
the round-trip frequency (the mode-difference frequency), is placed at one end of the 
laser cavity. This internal modulator effectively acts as a shutter, and only light that 
is travelling back and forth in phase with the modulation of the shutter can 
experience amplification. The shutter can be either a loss- or a phase-modulator [37]. 
In the case of loss modulation, light that is incident on the modulator will be 
incident at this same point on the next cycle, i.e. after one round-trip. When the 
modulator loss is zero, light can pass through the modulator, and no loss will be 
experienced by that pulse [30]. However, all other pulses will experience loss upon 
each round-trip in the resonator, at the same point each time. Light builds up in 
narrow pulses in the low loss regions. 
An alternative way of looking at internal loss modulation, in the frequency 
domain, has been given by Harris [38]. The loss modulator produces sidebands of all 
the original modes, which cause these original modes to be slightly pulled towards 
these perturbing sidebands. If the strength of the modulator is increased, a point is 
reached where one of the perturbing sidebands locks the axial mode with which it is 
in resonance. At higher a modulation strength, all the modes are pulled into 
synchronism and complete locking occurs. 
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6.2.2 Amplification, Compression and Measurement 
The colliding-pulse mode-locked (CPM) laser was the favoured system for the 
production of sub-picosecond pulses prior to the development of the Ti:sapphire laser 
in 1990. In CPM lasers, pulse amplification is usually achieved by pumping a chain 
of amplifiers using nanosecond pulses from a frequency doubled Nd:YAG laser [39], 
or by synchronous pumping with picosecond pulses [40]. 
Most modern femtosecond laser systems consist of a front-end laser, a pulse 
stretcher, several stages of amplification and finally a pulse compressor. The 
femtosecond output of the front-end laser, nowadays usually a Ti:sapphire oscillator, 
must be stretched in time prior to amplification in order to prevent damage of the 
optical components in the amplifier. This stretching is called chirped-pulse 
amplification or CPA. This is usually carried out using a prism pair to stretch the 
pulses to 700 femtoseconds [41], or an antiparallel grating pair [42]. After stretching, 
amplification by at least six orders of magnitude is necessary to produce pulse output 
energies of several millijoules. This is achieved using solid state amplifiers, either 
regenerative [42] or multipass amplifiers [43], or by use of dye amplifiers. The latter 
method has the advantage of being cheaper for laboratories which have existing dye 
amplifiers. 
Subsequent to amplification, the pulses must be recompressed by reversing the 
chirp process. It is also vital that the pulse duration and indeed the overall shape of 
the pulse be accurately measured. This is not a trivial problem when characterising 
pulses that can be shorter than 10 femtoseconds. As the technology for the 
production of even shorter pulses has improved so quickly, it has also been necessary 
to develop techniques for characterisation of these pulses. 
In summary then, the chirped-pulse amplification and compression scheme 
(CPAC) consists of four basic components: a short pulse oscillator, a pulse stretcher, 
an amplifier and a pulse compressor. The different methods of producing ultrashort 
pulses, i.e. mode-locking techniques, have already been discussed, but one specific 
femtosecond oscillator, namely the Ti:sapphire oscillator, will be discussed here in 
more detail. 
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The Ti:sapphire, or Ti:A1 2031  laser is a tunable solid state laser. Lasing action 
occurs between electronic levels of Ti ions contained in the crystalline host (A1 203). 
This type of laser has a number of desirable properties, such as a large gain 
bandwidth [44], covering the wavelengths between 700 nm and 1100 run, and very 
high thermal conductivity. Solid state lasers in general have the capability to store 
energy, making it possible to generate high-amplified peak powers [43]. The 
Ti:sapphire crystal absorbs in the region between 400 nm and 700 rim, and is often 
pumped with an argon ion laser. The Arl laser has its strongest emission lines at 488 
nm and 514.5 nm [32], and is capable of supplying up to 20 W of pump power. 
When the ultrashort pulses are stretched in a prism pair, a negative group velocity 
dispersion (GVD) occurs, meaning that there is a variation in the velocities of the 
different frequency components of the pulse, so that the higher frequencies lead the 
lower frequencies. After amplification, the pulses are passed through a glass block 
for the provision of a positive chirp, which results in pulse compression. Due to the 
higher refractive index of blue versus red light in glass, the higher frequencies (blue 
end) take more time to travel through the glass block than the lower frequencies (red 
end). This means that the high frequency components at the front part of the 
negatively chirped, stretched pulse are delayed with respect to the low frequencies, 
and hence pulse shortening takes place. If however, a pair of antiparallel gratings is 
used for stretching the pulses, then a positively chirped pulse (lower frequencies 
leading the higher frequencies) results. This is then compensated for by use of a 
parallel grating pair, which compress the pulses. 
Following pulse stretching, the oscillator output can be amplified without risk of 
damaging the amplifier optics. As mentioned earlier, this is usually carried out using 
either by a solid state or by a dye amplifier. Rundquist et a! [43] developed two 
ultrashort pulse amplifier laser systems, both using Ti:sapphire crystals. The first of 
these was a high repetition rate system, generating 4 mJ pulses with a duration of 20 
Es and at a repetition rate of 1 kHz. The second was a system operated at 10 Hz, 
providing 26 Es pulses with an energy of 75 mJ. Both systems, operated near 800 nm, 
had two multi-pass amplifiers, which reduces the size of the Ti:Sapphire amplifier 
crystals required compared to a regenerative amplifier, which is the other type of 
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solid-state amplifier sometimes employed. The use of Ti:sapphire as the amplifying 
medium also has the advantage that there is minimal stretching of the pulsewidth 
[44], even in multi-pass systems. 
The regenerative amplifier is normally used when high peak and average power is 
more important than extremely short pulselengths [42]. If pulselengths shorter than 
20-30 fs are required, then the multi-pass amplifiers may be the best method. 
Regenerative amplification (sometimes called injection mode-locking) produces 
pulses which have high pulse energies characteristic of passive mode-locking, 
combined with the stability of actively mode-locked pulses [45]. A pulse of light is 
injected into a laser oscillator, and the pulse is amplified over many passes until the 
gain is saturated and then the pulse is switched out of the resonator cavity using fast 
electroptic switching. 
The femtosecond laser system at the University of Rostock which used for the 
experiments in Chapter 8 was an all Ti:sapphire system. The oscillator was an Ar 
pumped cw mode-locked Ti:sapphire laser which was amplified in a titanium 
sapphire regenerative amplifier. 
The alternative to using all Ti:sapphire technology, is to use dye amplification. In 
the femtosecond laser system at the Rutherford Appleton Laboratory which was 
employed for most of the work described in this thesis, a dye amplifier (Quanta-Ray 
PDA) was used which was pumped by a Nd:YAG laser at 532 nm [41]. Rhodamine 
700 dye was used in the amplifier. This was a stable and efficient dye, with a peak 
gain wavelength at around 720 rim. The maximum output energies of such dye 
amplifiers are generally lower than all-solid state systems, and it is not possible to 
achieve the shortest pulses. However, they are much cheaper and less complex. 
Finally, it must be possible to accurately measure the pulse duration and its shape. 
This non-trivial problem first had to be overcome in the 1960's, when laser pulses of 
around 200 picoseconds were first produced. One of the methods developed then was 
measurement of the efficiency of second-harmonic generation in non-linear crystals. 
The pulse was split into two replica pulses, one of which travelled a fixed pathlength, 
the other a variable path length using a translator mirror. Both pulses were then 
recombined in a crystal capable of generating second harmonic (SH) radiation 
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(SHG). The SHG signal intensity is at a maximum when both replica pulses overlap 
exactly in time. Therefore by monitoring the SHG intensity as a function of the 
accurately measured position of the moving mirror, an autocorrelation function of the 
original pulse could be obtained. This efficiency was found to be enhanced if the 
fundamental radiation was in the form of a train of narrow pulses. The amount of this 
enhancement of the average second-harmonic power generated in a non-linear 
LiNb03 crystal, compared to that obtained for the unlocked laser, was used to 
estimate the width of the pulses [46]. 
This method was later improved upon by Weber [47] who split the laser beam 
with a beam splitter and recombined the beams with a relative delay in a non-linear 
crystal. With the crystal orientated properly, second harmonic generation was only 
possible when the pulses in each beam overlapped in the crystal. It was not necessary 
to compare the enhancement with that of a non mode-locked laser. 
A further method based on a similar idea to SHG, is that of two-photon 
fluorescence (TPF) [31]. The pulse is split into two by a beam splitter and these two 
pulses are reflected back upon each other by a triangular arrangement of mirrors. A 
fluorescent dye with an optical transition at twice the laser frequency is placed in the 
beam path where the two beams overlap in time. Fluorescence is produced following 
the absorption of two photons, and when the two pulses overlap in space and time 
this two-photon fluorescence signal is three times stronger than the background due 
to each individual pulse [29]. The width of the bright spot of the pulse overlap region 
is related to the pulse duration. 
These two non-linear techniques do not give a direct measurement of the pulse 
shape, but provide the second order autocorrelation function of the pulse. As 
pulsewidths below tens of picoseconds became common, the measuring techniques 
moved towards performing third-harmonic generation experiments, where greater 
information on pulse shape was obtainable. 
For pulses of sub-30 femtoseconds duration, accurate characterisation of the 
amplitude and phase of the output pulses is vital to the fine-tuning of the 
femtosecond laser system. One of the new measurements techniques for such short 
pulses is frequency-resolved optical gating (FROG) [48]. Rundquist et a! [43] have 
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reported the use of FROG for the measurement and characterisation of sub-20 fs 
pulses. Second Harmonic Generation (SHG) FROG is similar to the autocorrelation 
method described earlier, but as well as providing the amplitude of the second 
harmonic signal, as a function of the delay between the two beams, the spectral 
characteristics of this signal can also be measured. This allows characterisation of the 
phase of the pulses in addition to their amplitude. 
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Chapter 7 
Femtosecond Laser Photoionisation Mass 
Spectrometry 
7.1 Introduction 
Intense femtosecond lasers have been used in conjunction with mass spectrometric 
techniques mainly for observing the products of processes such as the Coulomb 
explosion of small molecules. In this work, the primary aim was to study larger 
molecules and the photoionisation dynamics exhibited using ultrafast laser excitation. 
It was hoped that relatively long wavelength femtosecond laser excitation could be 
employed to achieve efficient photoionisation, despite the lack of resonant/near-
resonant excited electronic states in the mid-infrared. If such an approach proved to 
be a more efficient way of producing intense molecular ion peaks, then the 
compromise that has to be struck between high spatial resolution and high sensitivity 
using conventional nanosecond laser mass microscopy might not be such a limiting 
factor. 
One of the first groups of molecules that was examined were the 
metalloporphyrins, the structures of which are shown in Figure 7-1. 
Metalloporphyrins have been extensively studied in earlier work from this laboratory 
using nanosecond laser excitation. Porphyrins are of considerable interest because of 
their use as photosensitizers in the photodynamic treatment of cancer [1] as well as 
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their role in photosynthesis [2]. Numerous papers have been published concerning 
the photophysics of porphyrins, investigated by transient absorption spectroscopy 
and by resonance Raman spectroscopy [3,4,5]. In addition to such experiments, 
theoretical investigations have been carried out, including molecular orbital 
calculations [6,7].The intensity and colour of porphyrins are derived from their 
highly conjugated it electron systems. Metalloporphyrins, as studied here, exhibit 
two absorption bands in the visible region, with extinction coefficients on the order 
of 104  mol' dm3 cm, and an intense band in the violet region, with an extinction 
coefficient approximately ten times greater. 
7.2 Femtosecond Laser Mass Spectrometry of 
Metalloporphyrins 
7.2.1 	Spectroscopy of Metalloporphyrins 
Metalloporphyrins, and porphyrins in general, of D 41 symmetry all exhibit 
transitions to the first singlet excited states lying in the visible, known as the Q 
bands, and transitions to higher lying singlet excited states in the UV, known as the B 
bands (strong near-UV band), with a relatively large energy gap between the two 
bands [8]. These absorption bands are typically found between 500 - 600 nm and 380 
- 420 run, respectively [9]. It was Gouterman [10] who first introduced the Q and B 
labelling system in 1959. The B band is also commonly referred to as the Soret band, 
and is the origin (0,0) of the second excited singlet state. It is a particularly intense 
band, having a molar extinction coefficient around 2 to 4 x 105  M' cm'. The Q band 
consists of two absorption bands; the a band, which is the transition to the ground 
state (Q(0,0)) of the lowest (lr,rr)  singlet, and the 13  band, which is the transition to 
the vibrational excited state (Q(1,0)). Different ligands on the macrocycle and 
different central metal atoms alter the position of all these bands, as well as the 
intensity ratio of the two Q bands, but the energy separation between the Soret and Q 
bands generally remains the same. Table 7-1, adapted from Edwards et al, [I I] lists 
the positions of the Q and B bands in the vapour phase for the octaethyl and 
tetraphenyl porphyrins which were studied in this work. 






Figure 7-1: Structure of metal octaethylporphyrins. M represents the central metal atom. 




Figure 7-2: Structure of metal tetraphenylporphyrins. M represents the central metal atom. 
The TPPs studied were Ni and CoOEP 
Chapter 7. Femtosecond Photoionisation Mass Spectrometry 	 150 
Compound Absorption 
maxima for 
Q(0,0) / nm 
Absorption 
maxima for 
Q(1,0) / nm 
Absorption 
maxima for 
B(0,0) / nm 





NiOEP 558 522 384.5 
CuOEP 566 531 387.5 
CoOEP 554 525 382.5 
NiTPP - 531.5 404 
CuTPP - 544 405 
CoTPP - 533 398.5 
Table 7-1: Q and B band absorption maxima (nm) of octaethyl and tetraphenyl porphyrins in 
the vapour phase (nm). 
For metallooctaethyl porphyrins, the Soret band fluorescence has not been 
observed, mainly because S 1 <—S 2 internal conversion is an extremely rapid process. 
However, for metallotetraphenyl porphyrins, fluorescence from the S 2 band has been 
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detected with a lifetime around 2.4 - 3 Ps [12]. Most metallooctaethyl porphyrins, 
such as nickel OEP's, are also non-phosphorescent. The lack of emission from the 
lowest excited (rr,ir) singlet state is due to radiationless decay which occurs rapidly 
(<350 fs) to low lying excited (d,d) levels centred on the nickel atom, some 10,000 
cm' below the (ir,it) state [13]. The photophysics of nickel porphyrins is dominated 
by these metal states. In 1959, Gouterman [10] presented his "four orbital model" to 
explain the electronic states and spectra of metal porphyrins. The four orbitals he 
referred to, were the two highest filled molecular orbitals, 3a 1 (t) and 1a2 (7c) of the 
ground state, and the two lowest empty egy(t*)  and 
g(7*) 
 orbitals, of the excited 
state. The ground state is a singlet state, 'A 1g, and the excited states (a iueg) and (a2ueg) 
are either singlet or triplet. The Soret band arises from a transition to the symmetric 
combination of the singlets (a iueg) and  (a2ueg), and excitation to the antisymmetric 
combination of these states is responsible for the weaker singlet Q bands. 
For NiOEP, the Soret band occurs at 384.5 nm (26008 cm'), which would 
energetically make two-photon absorption to this excited state possible at a laser 
wavelength of 750 nm. A further two photons would be required for excitation out of 
this state to achieve ionisation; the ionisation potential of NiOEP is 6.38 eV (51,546 
cm') [14]. 
7.2.2 	Near-IR Laser lonisation of Octaethylporphyrins- 
Variation With Laser Pulsewidth 
Ni (II)-, Cu (II)-, and Co(II) octaethylporphyrin (hereafter referred to as NiOEP, 
CuOEP, and C00EP) were purchased from Aldrich Chemical Company Ltd. The 
purity of the samples was stated 97%, and they were used as supplied. 
Desorption of neutrals into the gas-phase was achieved using a nanosecond pulsed 
TEA CO2 laser (Alltec 854MS), typically outputting an attenuated energy of around 
50 mJ/pulse. Photoionisation was carried out using 50 fs laser pulses at 750 run. The 
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an argon-ion laser (Spectra Physics) which was used to pump a titanium-sapphire 
oscillator (Spectra Physics Tsunami), yielding an 82 MHz train of pulses with 50 fs 
pulsewidth, 5 nJ per pulse at 750 nm. A pair of BK7 prisms were used to stretch the 
pulses to 800 fs before amplification in a pulsed dye amplifier (Quanta Ray PDA). 
The PDA was pumped at a repetition rate of 10 Hz by an injection-seeded Q-
switched Nd:YAG laser (Quanta Ray DCR2A). The maximum output energy of the 
PDA was 100J/pulse. These output pulses, 400 Es pulsewidth, were then 
compressed to 50 Es in a 4 cm SF10 glass compensator. This also removed any 
residual chirp. Low dispersion dielectric mirrors (single stack) were used to direct the 
femtosecond pulses into the sample chamber of the laser mass microscope via a 20 
cm focal length fused silica lens. Any positive chirp caused by the beam passing 
through the silica entrance window into the chamber was negated by varying the 
position of a pair of compensating prisms. Picosecond (2 Ps pulsewidth) and 
nanosecond (3 ns pulsewidth) pulses at 750 nm were also generated on the same laser 
system for comparative photoionisation measurements. The picosecond pulses were 
generated by passing the femtosecond pulses through a block of SF10 glass. The 
nanosecond pulses were generated by feedback into the Ti:sapphire oscillator. 
NiOEP was the first compound studied. The pattern of growth of the 
fragmentation peaks was monitored by reducing the femtosecond laser intensity to 
the threshold level where a molecular ion signal (the first ion to appear) first 
appeared. This was achieved using a variable neutral density attenuator. The laser 
intensity was then increased by gradual reduction in attenuation until fragment ions 
were produced. The resulting mass spectra obtained, for two different femtosecond 
laser pulse energies, are shown in Figure 7-4 and Figure 7-5. One can see a large 
amount of ringing in the mass spectra, particularly on the high mass of the molecular 
ion peaks. As explained in Section 4.4, this problem was alleviated by replacing the 
detector with one with an impedance-matched anode. 
In order to measure the femtosecond laser pulse energy in these experiments the 
following method was employed. A photodiode was positioned at the exit window of 
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pulse energy on an oscilloscope, in millivolts. It was not possible to measure the 
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Figure 7-4: Mass spectra of NiOEP obtained using a) 10 iJ and b) 21 iJ femtosecond laser 
photoionisation pulse energy. These values correspond to laser power densities of 2.7 x 1013 
Wcm 2 and 5.7 x 1013  Wcm 2, respectively. 
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directly on a power meter because the values were so low. Instead, a calibration was 
carried out by recording the maximum output pulse energy obtained by removal of 
the variable attenuator, which resulted in an uninterpretable mass spectrum consisting 
of extremely low mass fragments. From this value, the amplified spontaneous 
emission (ASE), which was fairly large compared to the true stimulated emission, 
had to be subtracted. This was measured by changing the timing between the 
Nd: YAG and the Ti: sapphire laser so that there was no true femto second laser light, 
at this "defocused" condition. The maximum pulse energy of the femtosecond laser 
(after all mirrors and windows) was found to be 55 11J. This corresponded to a value 
of 53 mV on the photodiode. This calibration factor was used for all other power 
measurements. 
The mass spectra (Figure 7-4) obtained under "softer" ionisation conditions of ~ 
21 p.J femtosecond photoionisation pulse energy have the molecular ion of NiOEP as 
the base peak. The mass spectrum obtained with 10 11J pulse energy basically only 
shows the molecular ion, a fragment ion at mlz = 576 and a very small peak at mlz = 
295.5 corresponding to the doubly charged molecular ion. The high intensity of the 
molecular ion in these spectra is remarkable, especially considering the long 
photoionisation wavelength of 750 nm which was employed. The ionisation 
potentials of NiOEP, CuOEP and CoOEP are 6.38 eV, 6.31 eV and 6.09 eV 
respectively [14]. At a wavelength of 750 nm (1.65 eV), a minimum of four photons 
are required to photoionise these molecules. 
Upon photoionisation at a higher pulse energy (Figure 7-4b; 21 p.J) more 
extensive fragmentation of the molecular ion is apparent. Peaks at m!z = 577, 563, 
549, 534.5, 518.8, 504, 487 and 472 are observed, with that at mlz = 577 having the 
highest intensity. This corresponds to mass differences of 14, 14, 14, 14.5, 15.7, 
14.8, 17, and 15 Da between successive fragment ions. The peaks get slightly wider 
after the peak at m/z = 549 (making accurate mass assignment more difficult), which 
is also when the mass difference between these successive fragment ions seems to 
increase. The doubly charged molecular ion is now more intense (comparable to the 
peak at mlz = 577) and some fragmentation of this species is apparent. However, the 
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Figure 7-5: Mass spectra of NiOEP obtained using a) 31 1iJ and b) 52 iJ femtosecond laser 
pho-toionisation pulse energy. These values correspond to laser power densities of 8.4 x 1013 
Wcm 2 and 1.4 x 1014  Wcm 2, respectively. 
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fragmentation is more extensive for M21  . The eighth fragment ion peak is the most 
intense, with up to thirteen fragment peaks observed. The peak spacing is around 7 
Da, corresponding to 14 Da separation in the singly charged region. Also observed 
below mlz = 100 are peaks which correspond to the free metal ion and to 
hydrocarbon peaks due to break-up of the porphyrin macrocycle and possibly due to 
fragmentation of glycerol which was used in the sample preparation stage. At this 
laser photoionisation pulse energy, these low mass ions all have intensities less than 
20% of the molecular ion. 
As stated earlier, these metalloporphyrins have previously been studied 
extensively in this laboratory using nanosecond photoionisation [15,16]. Some of 
these spectra are shown here for comparison with those obtained using femtosecond 
photoionisation. It should be noted of course that the nanosecond photoionisation 
mass spectra were obtained using a different instrument to the laser mass microscope, 
namely a linear TOF mass spectrometer. From these comparative spectra, the 
improvement in mass resolution obtained with the laser mass microscope can be 
clearly seen. The mass spectra of NiOEP photoionised with nanosecond pulses under 
soft and hard ionisation conditions at a wavelength of 193 nm are shown in Figure 
7-6 and Figure 7-7, respectively. 
The mass spectrum obtained under soft ionisation conditions using nanosecond 
laser photoionisation at 193 nm bears some similarity to that obtained under 
intermediate ionisation conditions (21-31 p.J) using femtosecond photoionisation at 
750 nm. Both spectra have the molecular ion as the base peak and show 
fragmentation of the molecular ion. This fragmentation extends to 8 fragment ion 
peaks in the femtosecond spectra, but this is not so clear from the nanosecond 
spectrum, where only 6 or 7 fragment ion peaks are apparent. This fragmentation was 
previously thought to correspond to loss of successive methyl radicals [19]. It was 
assumed that photoionisation produces a radical molecular cation from which 
stepwise fragmentation occurs due to sequential absorption of further photons. The 
M is an odd electron species which has tendency to become an even electron more 
stable species by the ejection of a radical. This radical which is lost is CH 3 . The [M-
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[CH3]. This fragmentation pattern follows the rules developed for El which was the 
most widely used technique for the mass spectrometry of metalloporhyrins. 
Figure 7-6: Mass spectrum of NiOEP obtained under soft ionisation conditions using 
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Figure 7-7: Mass spectrum of NiOEP obtained under hard ionisation conditions using 
nanosecond 193 nm laser photoionisation [19]. 
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The principal difference between the previous nanosecond and the current 
femtosecond mass spectra is the absence of any doubly charged ions in the 
nanosecond spectra. Neither soft or hard nanosecond photoionisation at 193 nm or 
248 nm results in the production of M21  or corresponding fragments. The doubly 
charged region of the femtosecond mass spectra of both NiOEP and CuOEP is 
discussed in more detail later. In the nanosecond spectra as the pulse energy of the 
193 nn-i photoionisation laser is increased, the ion corresponding to loss of the 8" 
methyl group increases greatly in intensity, becoming the base peak in the spectrum. 
In comparison, there is no variation in relative methyl loss fragment ion intensites for 
the femtosecond mass spectra for increasing laser pulse energy. 
The low laser power density nanosecond photoionisation mass spectra have 
previously been compared with the corresponding electron impact (El) mass spectra 
[17,18]. The base peak is the molecular ion in both cases and a similar fragmentation, 
thought to arise from 13  cleavage of peripheral substituents on the pyrolic rings, is 
observed for both ionisation methods. However, one major difference did exist. The 
El spectra exhibited a group of doubly charged ions. From this it would appear that 
the femtosecond mass spectra bear more similarity to the El spectra than to those 
obtained using nanosecond 193 nm laser photoionisation, although in the El spectra 
the doubly charged ions are of comparable intensity to the singly charged ions. It 
seems reasonable that similar fragmentation products be observed in femtosecond 
photoionisation mass spectrometry as for El because of the fact that in the former 
technique, a large amount of energy is deposited very quickly into the neutral 
molecule, which is comparable to a single photon having enough energy to overcome 
the IP of the molecule in El. Some differences in the resulting mass spectra obtained 
by these two methods of ionisation may be due to different optimal fragmentation 
channels being available to fs phtoionisation because of the intense nature of the 
pulses. The fragmentation/doubly charged patterns observed in El are due to 
accessing of the ideal fragmentation channels for that ionisation method. 
The effect of employing different pulselengths was also investigated. The time-of-
flight mass spectra obtained for photoionisation of NiOEP at 750 mn using pulse 
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lengths of 50 fs, 2 Ps and 3 ns under fairly "soft" ionisation conditions are shown in 
Figure 7-8. All pulses were produced by the femtosecond laser system, as described 
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Figure 7-8: Mass spectra of NiOEP obtained using laser photoionisation at 750 am with a) 50 
fs, b) 3 ps, and c) 2 ns pulses 
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at the beginning of this section. A remarkably strong molecular ion signal was 
observed at mlz = 591 in the femtosecond photoionisation mass spectrum for NiOEP 
(Figure 7-8a). 
Some fragmentation of the molecular ion, possibly due to successive methyl 
group loss can be induced. This fragmentation pattern extended to loss of all eight of 
the peripheral methyl groups. Side chain fragmentations such as this usually occur at 
the bond 13  to the macrocyclic nucleus, allowing a benzylic type of stabilisation. 
Fragmentation in this manner results in the production of a radical methyl fragment 
and an even electron daughter cation. 
For the longer pulse length of 2 ps, where the absolute number of photons was 
almost equal to that for femtosecond pulses, the base peak was again the molecular 
ion, but fragmentation was markedly more prominent. The peak at mlz = 576 (due to 
loss of one methyl group) exhibited a similar relative intensity to the parent ion as 
was found for femto second photoionisation, but the peak at m/z = 471 
(corresponding to loss of eight methyl groups) was much more prominent relative to 
the parent ion than for ionisation on the femtosecond timescale. 
No significant parent ion signal was observed at 750 nm using pulses of 
nanosecond duration. The peaks at low mass (i.e. below m/z = 100) for all three 
spectra were due to either break-up of the macrocycle or due to fragments of glycerol 
employed in the sample preparation. It seems less likely however, that these fragment 
ions could correspond to an extensive break-up of the macrocyclic ring and may 
rather correspond to the fragmentation of glycerol because of the absence of any 
higher mass peaks in the nanosecond mass spectrum. The available energy per 
nanosecond pulse was much smaller than that for the femto- or picosecond pulses. It 
therefore seems unlikely that extensive fragmentation should swamps the intensity of 
the molecular ion and fragment ions corresponding to the methyl group loss 
channels, although of course one cannot say this conclusively in these circumstances. 
The mass spectrum obtained for CuOEP by photoionisation with femtosecond 
pulses at 750 nm is shown in Figure 7-9. The behaviour of CuOEP under femto- and 
picosecond photoionisation was very similar to that of NiOEP, as might be expected. 
As for NiOEP, the base peak was the molecular ion, at mlz = 591, and, as previously, 
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an extended degree of fragmentation was observed using longer pulses. There is, 
however, an anomalous peak at mlz = 535. Previous nanosecond photoionisation 
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demetallation of the porphyrin, leaving the macrocyclic ring with two hydrogen 
atoms replacing the central copper atom. This was rationalised in terms of the 
competition between two different fragmentation pathways, as defined by Gedanken 
[20]; one corresponding to so-called Class A behaviour, where the molecule is 
photoionised to form the molecular ion, which may then undergo 
photofragmentation, the other, Class B behaviour, involving photodissociation of the 
molecule followed by photoionisation of the neutral fragment. 
If CuOEP displayed a competition between these two ionisation mechanisms, then 
in the case of Class A behaviour, the molecule would photoionise followed by 
fragmentation involving methyl group loss. In the case of Class B behaviour, the 
molecule would be excited to some singlet state, followed by rapidly relaxation to a 
high vibrational level in the ground state before additional photon absorption to cause 
neutral dissociation and finally further absorption to photoionise the neutral 
fragment. However, the fact that this peak at mlz = 535, which was previously 
thought to be due to loss of the copper atom, was also present in the femto- and 
picosecond photoionisation spectra contradicts this explanation. At a higher laser 
fluence, the rate of absorption of a further photon by an intermediate state to form the 
molecular ion would become competitive with the rate of any photochemical 
processes, and at sufficiently high fluences, the demetallation process would be 
suppressed. In the case of this experiment, involving photoexcitation with 50 fs 
pulses, the number of photons per pulse was in the order of 8 x 1013  .  For the 
experiments involving excitation with 3 ps pulses the number of photons per pulse 
was in the order of 9 x 10' 3 . This fluence should be sufficient to suppress the 
dissociative pathway in preference to the photoionisation process. 
Further experiments were undertaken using Fast Atom Bombardment (FAB) mass 
spectrometry on a Kratos MS50 double focusing instrument to determine whether or 
not the peak at mlz = 535 was a daughter ion of the parent ion. These experiments 
confirmed that this peak was a separate entity and did not arise via fragmentation of 
CuOEP. It was concluded that it was a free base impurity which was present because 
of the synthetic route by which CuOEP had been made [21]. 
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Another feature of the femtosecond photoionisation mass spectra of both CuOEP 
and NiOEP is the presence of doubly charged molecular ions, present at half the 
mass-to-charge ratio of the corresponding singly charged molecular ion. Also present 
are doubly charged fragment ions. Fragmentation of the doubly charged molecular 
ions is more extensive than that observed for the singly charged molecular ions. 
Similar behaviour has previously been observed in electron impact mass spectra of 
metallooctaethyl porphyrins [22]. Budzikiewicz [18] has suggested that 
fragmentation from M and from M 2 can take place by completely different 
mechanisms, namely either via benzylic cleavage of a side chain or via a McL afferty 
rearrangement, respectively. This may explain the difference observed in the 
fragmentation patterns of these two species. The reason for these different 
mechanisms is that even-electron fragment ions are favoured. The second IP's of the 
OEP's do not appear to have been measured, but the second IP of the central metal 
may be taken as a rough estimate as the electron is most likely removed from the 
metal species. The first IP's of Ni-, Cu- and CoOEP are 6.38 eV, 6.31 eV and 6.09 
eV [14], respectively and the first IP's of the corresponding metal atoms are 7.64 eV, 
7.73 eV and 7.86 eV. The second IP's of Ni, Cu and Co are 18.17 eV, 20.29 eV and 
17.06 eV, respectively [23]. 
The region between mlz = 180-300, exhibiting doubly-charged fragments, was 
accurately mass calibrated for both NiOEP and CuOEP, and these spectra are shown 
in Figure 7-10 and Figure 7-11, respectively. 
Also of interest in the spectra of these metalloporphyrins is the region below mlz 
= 100 which, as for the region corresponding to the doubly charged ions, was also 
accurately calibrated and each peak assigned to a particular mass. Figure 7-12 shows 
only the region of the mass spectrum for NiOEP between mlz = 0-100. The lowest 
observable masses are those corresponding to H, with C, CH 2 , and CH3 ions. 
Other small hydrocarbon ions are also seen, as well as the most abundant isotopes 
of the Ni atom. "Ni is the most naturally abundant isotope of Ni, with a natural 
abundance of 68.27%; "Ni has a natural abundance of 26.10%. The ratio of these two 
values is 2.6:1, and the ratio of the absolute ion signal intensities is 3.1:1. 
Considering the difficulties in obtaining a stable desorption signal, due to inherent 
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sample inhomogeneities, as well as shot-to-shot fluctuations in the ionisation laser 
energy, this represents reasonable agreement with the expected 
Figure 7-10: Expansion of the molecular ion regions in the mass spectra obtained for NiOEP 
showing a) doubly and b) singly charged species 
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Figure 7-11: Expansion of the molecular ion regions in the mass spectra obtained for CuOEP 
showing a) doubly and b) singly charged species 
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isotope ratio. The mass spectrum obtained for NiOEP photoionised at 750 nm using 
picosecond pulselengths, exhibits a similar fragmentation over this mass range. 
However, the spectrum obtained using nanosecond ionisation, shown in Figure 
7-12c, displays some differences. The C peak is much more intense than both the 
H and the CH3 peaks, and the peak at mlz = 27 is of much lower intensity compared 
to that for the "Ni peak. 
It was possible to assign the peak at mlz = 58 to Ni because of the natural isotope 
fingerprints seen in the low mass regions of the spectra obtained for CuOEP and 
CoOEP. For both compounds, the base peak in this region corresponds to the most 
abundant isotope of the central metal atom, m/z = 63 in the case of CuOEP and mlz = 
59 for CoOEP, see Figure 7-13. The 65Cu isotope peak was also observed, and in the 
correct intensity ratio to the 63Cu isotope, 1:2.3. For both these compounds, as well as 
for the free base OEP, the nanosecond photoionisation spectra displayed a very high 
intensity of C with respect to both H and CH 3 . 
From this, it can be seen that for all OEP's studied, the central metal was lost from 
the macrocycle: probably after the macrocycle itself fragmented, due to the fact that 
these low mass peaks only appeared after the peaks at high mass (e.g. those 
corresponding to the molecular ion and the fragments resulting from methyl group 
loss channels). The natural isotopes of these metals were observed in the correct 
ratios in these spectra. Also, the low mass fragments obtained using femto- and 
picosecond photoionisation were very similar, but those seen using nanosecond 
ionisation showed a particularly high mlz = 12 peak intensity. The reason for this is 
not clear. 
lonisation Mechanism of NiOEP 
The mechanism by which photoionisation took place for these molecules was not 
immediately obvious. As discussed earlier, there are three main possibilities; 
multiphoton ionisation, tunnelling ionisation and barrier suppression ionisation. The 
value of the adiabaticity parameter, as defined in Equation 6-1, was calculated to be 
0.6 for femtosecond photoionisation of NiOEP. This value of 0.6 was less than, but 
not greatly less than one, conventionally taken to be the discriminatory value 
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between tunnelling or barrier suppression ionisation and multiphoton ionisation 
mechanisms. However, the Keldysh parameter was originally introduced to describe 
the behaviour of atomic and diatomic systems. 
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Figure 7-12: Lowest mass fragments of NiOEP observed using photoionisation with a) fs b) 
ps and c) ns pulses 
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Figure 7-13: Lowest mass fragments of CuOEP observed using photoionisation with a) fs and 
b) ns pulses 
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For laser power densities in the region of 10 " Wcm 2, such as those employed in 
these experiments, the electric field generated by the laser should, in theory, be 
sufficient to cause enough perturbation of the potential surface of the molecule for 
tunnelling ionisation to occur. The field strength required for barrier suppression 
ionisation (FBSJ) of NiOEP was calculated according to Equation 7-1 [24]. 
e0 2 h 2 [IP]2 
FBSJ 
= e 3 m e ao z 
Equation 7-1 
In this equation c o is the permittivity of free space, h is Planck's constant, e and m 
are the charge and mass of an electron, a 0 is the Bohr radius and z is the charge of the 
ion. The value calculated for the electric field strength required for barrier 
suppression was found to be FBSI = 0.71 VA- . The electric field strength generated by 
the laser at an intensity of 10 13 Wcm 2, as in the case of the femtosecond ionisation 
experiments on NiOEP, was calculated according to Equation 7-2, 
21 
= [-1 Soc 
Equation 7-2 
where I is the laser intensity, E0 is the permittivity of free space and c is the speed of 
light. In this case the value obtained was found to be E 0 = 1.45 VA'. From these 
calculations, it would appear that the electric field strength was sufficiently high to 
cause tunnelling ionisation, but the possibility of multiphoton ionisation by a 2+2 
photon process could not be ruled out. Indeed, at the wavelength of 750 run, 
employed here, an MPI process is still a strong possibility because of the known 
spectroscopy of these metalloporphyrins. 
7.2.3 Near-IR Femtosecond Laser lonisation of 
Tetraphenylporphyrins 
The argument in favour of photoionisation via the Soret band becomes more 
compelling when comparing the spectra obtained for the octaethylporphyrins with 
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those for the tetraphenylporphyrins. As Figure 7-14 shows, the resulting mass spectra 
for the TPP's do not have such a high signal-to-noise ratio as the OEP spectra. The 
tetraphenylporphyrins have, in general, higher ionisation potentials than the 
octaethylporphyrins. However, for all of the TPP's studied here, 4 photons at 750 rim 
would still be energetically sufficient for ionisation. In the case of NiOEP, which has 
an LP of 6.38 eV, photoionisation via a 2+2 photon process at 750 rim, would result 
in the production of molecular ions 1774 cm' above the ionisation threshold. For 
NiTPP, with an LP of 6.44 eV [25], the equivalent photoionisation process would 
produce ions 1290 cm' above threshold. There should, therefore, be no more 
difficulty in ionising NiTPP than NiOEP. The only possible difference that might be 
anticipated is that the extent of fragmentation in the spectrum for NiTPP may be less. 
The position of the Soret bands for the TPP's are, in general, red shifted from the 
OEP's. They range from 398.5 nm to 411 nm, with the Soret band for NiTPP 
occurring at 404 nm [9]. It would be possible for these bands to be too off-resonant at 
the wavelength employed here for a strong photoionisation signal to be observed. 
The mass spectrum obtained for CoTPP (Figure 7-14a) has the base peak at mlz = 
673, which is two mass units above the molecular ion. Peaks are also observed at mlz 
= 672, 671, 670, 669, 668, 667, 666, 665, with the peaks corresponding to the loss of 
even numbers of hydrogen atoms having the highest intensity. This loss pattern, with 
the same signal intensity distribution, has also been observed in El [26] and laser 
desorption Fourier transform mass spectra [27]. Also observed are peaks at mlz = 
591, mlz = 516 and mlz = 517 corresponding to loss of one phenyl group [M-Phe-
3H] and two phenyl groups [M-2Phe-H] and [M-2Phe], respectively. There is also 
a doubly charged peak at mlz = 294 corresponding to the loss of one phenyl group 
and 6 hydrogen atoms, [M-Phe-6H]. 
The mass spectrum of NiTPP (Figure 7-14b) was quite noisy and has therefore 
been smoothed using a Savitsky-Golay smoothing function in the graphical package 
Microcal Origin, Version 5.0, 1997. The base peak is the molecular ion at m/z = 671, 
which is of comparable signal intensity to the peak at mlz = 591, corresponding to 
the loss of one phenyl group [M-Phe-3H]. The other significant peak at m/z = 515 
corresponds to loss of two phenyl groups [M-2Phe-2H]. Again, one can compare 
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Figure 7-14: Femtosecond photoionisation mass spectra for a) CoTPP and b) NiTPP 
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these spectra with those obtained previously using nanosecond laser photoionisation. 
Figure 7-15 and Figure 7-16 show the nanosecond photoionisation spectra of CoTPP 
and NiTPP obtained under hard ionisation conditions at a wavelength of 193 nm. 
Both of these spectra have the molecular ion as the base peak with two dominant 
fragment peaks associated with the loss of one or two phenyl groups. No peak is 
observed which corresponds to the loss of a third phenyl group, even at a very high 
laser power density. The corresponding nanosecond ionisation spectra at 193 nm for 
CoTPP and NiTPP under soft ionisation conditions show basically an intense peak in 
the molecular ion region and minimal fragmentation. No doubly charged ions were 
observed in either the soft or hard nanosecond ionisation spectra. 
It can be seen from the comparative mass spectra obtained for CoTPP and NiTPP 
at 193 nm (ns pulselength) and at 750 nm (fs pulselength) that both laser ionisation 
techniques give similar mass spectra, except that there are no doubly charged ions 
seen in the nanosecond mass spectra. 
CoTPP and NiTPP have also previously been studied using nanosecond laser 
photoionisation at 266 nm where very different behaviour was observed [19]. Under 
soft ionisation conditions, the base peak in both spectra is a fragment ion peak due to 
loss of the metal from the macrocycle with the addition of 2 hydrogen atoms. The 
phenyl substituents are retained and the molecular ion is of very weak intensity. 
Again, no doubly charged ions are present. Increasing the ionising laser intensity 
results in a slight increase in the signal intensity of the molecular ion, relative to the 
metal-free fragment ion. This different behaviour has been explained in terms of the 
competition between Class A and Class B behaviour in the intermediate state after 
the absorption of a single photon. NiTPP exhibits Class B behaviour when 
photoionised with 266 nm laser radiation, meaning that photodissociation to produce 
neutral fragments is followed by photoionisation. The absorption of one 266 nm 
photon accesses the S 1 state which undergoes rapid radiationless decay ('r = 10 ps) to 
a low-lying (d,d) state, which then decays rapidly to the ground state in 250 ps [28]. 
Hence, 266 nm single-photon excitation is followed by rapid intramolecular 
conversion of electronic to vibrational energy to produce a vibrationally hot ground 
state species which cannot be photoionised by absorption of a second photon. 
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Figure 7-15: Mass spectrum of CoTPP obtained under hard ionisation conditions using 
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Figure 7-16: Mass spectrum of NiTPP obtained under hard ionisation conditions using 
nanosecond 193 nm laser photoionisation [19]. 
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The neutral excited molecule dissociates into the free base porphyrin species and the 
metal atom. Subsequent photon absorption leads to photoionisation of the 
macrocycle fragment. No metal ions were observed in these mass spectra. CoTPP has 
also exhibits Class B behaviour in an analogous fashion to NiTPP [19]. Population of 
the tripmultiplet manifold is followed by radiationless decay to the ground state in :: ~ 
35 ps [29], where subsequent photon absorption causes neutral dissociation followed 
by photoionisation. 
The observed behaviour of CoTPP and NiTPP under different laser 
photoionisation conditions has indicated that both compounds exhibit Class A 
photophysical behaviour when a wavelength of 193 nm is employed, while Class B 
behaviour is dominant when a wavelength of 266 nm is employed. The argument put 
forward for photoionisation dominating over photodissociation with 193 nm pulses 
was that either a single photon was sufficient for ionisation, or that the intermediate 
excited state was long-lived, allowing the absorption of a second photon. In the case 
of femtosecond photoionisation at a wavelength of 750 run, Class A behaviour 
dominates for both CoTPP and NiTPP. Although a minimum of four 750 nm photons 
are required for photoionisation, possibly via an intermediate state such as the near-
resonant Soret band, photoionisation still dominates over photodissociation due to 
the short pulselength of the laser light. This leads to a fast up-pumping rate to the 
ionisation continuum, which is faster than the decay rate of any possible intermediate 
states. 
7.2.4 Femtosecond Laser lonisation Spectra of 
Octaethylporphyrins at 375 nm 
Some preliminary femtosecond laser ionisation spectra were also recorded using 
the frequency-doubled wavelength of 375 nm. The mass spectra obtained for CoOEP, 
NiOEP and CuOEP are shown in Figure 7-17, Figure 7-19 and Figure 7-20, 
respectively. 
The difference between soft and hard ionisation conditions can clearly be seen 
from the spectra obtained for CoOEP shown in Figure 7-17. The first mass spectrum 
was obtained using only around 20 nJ pulse energy and displays almost exclusively 
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Figure 7-17: Mass spectrum of CoOEP obtained using photoionisation with 375 nm 
femtosecond pulses, of variable intensity. Spectrum a) was obtained with 22 nJ pulse energy, 
spectrum b) was obtained using 0.5 pJ pulse energy. 
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from the molecular ion, along with much smaller peaks corresponding to the loss of 
16, 15 and 14 mass units from the molecular ion. There is no evidence of doubly 
charged ions at this low laser power density, or of low mass ions (below mlz = 100). 
The second spectrum was obtained under fairly hard ionisation conditions, and 
displays extensive fragmentation of the molecular ion. The molecular ion peak is at 
m!z = 591, and is accompanied by six much less intense peaks corresponding to 
losses of around 2 mass units from the parent ion. There are eight prominent 
fragment ions at mlz = 574, 559, 544, 529.5, 514.5, 499.4, 484.4 and 469.3, with the 
most intense, at m/z = 574, being the base peak in the spectrum. These fragment ions 
correspond to successive mass losses of 17, 15, 15, 14.6, 15, 15, 15 and 15.1, 
respectively. These fragment ion peaks become slightly wider with decreasing mass, 
probably due to a slower unimolecular decay rate leading to their formation from 
precursor ions which have travelled some distance away from the source region. This 
effect can clearly be seen from the expansion of this mass region shown in Figure 
7-18. Also present are lower intensity peaks at mlz = 456 and 442, corresponding to 
further losses of 13.3 and 14 mass units from the molecular ion. There is a region of 
doubly charged ions between mlz = 200-300. The intensity distribution of this series 
of peaks is favoured to lower mass unlike that of the singly charged ions. This 
increased fragmentation has been a common feature of all the doubly charged ions 
seen in all the femtosecond photoionisation spectra. Also present in this mass 
spectrum are low mass ions below mlz = 100 corresponding to break-up of the 
porphyrin macrocycle. 
The mass spectrum obtained for NiOEP (Figure 7-19) has the molecular ion, at 
mlz = 591, as the base peak and displays some fragmentation of the molecular ion. 
Fragment ions corresponding to losses of roughly 15 mass units are observed, with 
the fragment ion at mlz = 576 having the highest intensity. The signal quality of 
these fragment ion peaks is not particularly good, making it difficult to be sure 
whether 14 or 15 mass units are lost. The fragment ion at mlz = 576 corresponds to 
around 50% of the intensity of the molecular ion which is a much higher ratio than 
previously seen for any of the femtosecond laser photoionisation mass spectra 
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Figure 7-18: Close-up of the region below the molecular ion in the mass spectrum of CoOEP 
obtained using photoionisation with 375 nin femtosecond pulses and 0.5 1.tJ pulse energy. The 
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Figure 7-19: Mass spectrum obtained for NiOEP obtained using photoionisation with 50 fs 
pulses at 375 nm 
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ion, no doubly charged ions are seen nor any low mass fragment ions, unlike the 
spectra recorded using femtosecond laser ionisation at 750 nm. 
Figure 7-20 shows the mass spectra obtained for CuOEP following 
photoionisation with femtosecond (50 fs) and nanosecond (2 ns) laser pulses, at 375 
nm. These two spectra display differences in the fragmentation patterns. In the case 
of femtosecond ionisation, the base peak of the spectrum is the molecular ion at mlz 
= 596. There is some fragmentation of the parent ion. Around ten fragment ion peaks 
can be seen, corresponding to successive losses of 15 mass units. The highest 
intensity fragment ion is the highest mass fragment. The intense peak at mlz = 535 
corresponds to the free base impurity, mentioned earlier. A region of doubly charged 
ions, with M2 at mlz = 298, can also be seen. 
A mass spectrum (see Figure 7-20b) was also obtained using nanosecond 
pulselength ionisation at 375 nm. It was not possible to obtain an equivalent 
spectrum using nanosecond photoionisation at 750 run. This fact suggests that some 
near-resonant effect may be coming into play at 375 nm. This seems reasonable 
when one considers that the Soret band for CuOEP is at 387.5 run. It may be that 
the first 375 nm photon accesses the Soret band, with absorption of only one further 
photon required for ionisation. The fragmentation of CuOEP is more extended 
compared to the spectrum obtained using photoiomsation with femtosecond pulses at 
375 rim, containing twelve distinct fragment ion peaks. The fragment ion at mlz = 
476, possibly corresponding to eight methyl group losses, is the most intense peak, 
similar to that obtained using picosecond photoionisation at 750 run. It is difficult to 
judge whether doubly charged ions are present due to the noisy baseline in this 
spectrum. 
Missing from both the femtosecond and nanosecond photoionisation mass spectra 
at 375 nm obtained for CuOEP are the very low mass ions which were attributed to 
small hydrocarbon groups and the central metal atom. The reason for this and the 
absence of any doubly charged ions in the case of the 375 nm nanosecond 
photoionisation mass spectrum, may be the lower available energy per pulse for the 
frequency doubled light. In general, the spectra were recorded using a pulse energy at 
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Figure 7-20: Mass spectra of CuOEP obtained using photoionisation at 375 EM, with variable 
pulse lengths; a) 50 fs pulses, 50 nJ pulse energy, b) 2 ns pulses, 5 ptJ pulse energy. 
Chapter 7. Femtosecond Photolonisation Mass Spectrometry 	 183 
7.3 Femtosecond Laser Photoionisation Mass 
Spectrometry of Large Biological Molecules 
In these initial femtosecond laser photoionisation studies, the original aim was to 
explore how widely applicable and useful this approach might be for a variety of 
different types of molecules. For this reason, some other large molecules, namely 
biological-type porphyrins and non-aromatic polymers, were studied. These studies 
revealed that it was in fact possible to photoionise such molecules with near-IR 
femtosecond laser pulses, as described below. 
Hemin 
The structure of hemin is displayed in Figure 7-21. Hemin is a naturally-occurring 
porphyrin, and a heme derivative. The heme group is the active centre of an 
important class of electron carriers called cytochromes, and consists of a porphyrin 
ring chelated to an iron atom. Since iron may have an oxidation state of either +2 or 
+3, heme derivatives are able to act as redox intermediates in electron transfer 
reactions. Thus, they are present in mitochondria and take part in the reverse process 
of respiration by determining the ability of haemoglobin to bind oxygen. Such 
species are responsible for the distinctive red colour of blood. 
The mass spectrum obtained for hemin using femtosecond laser photoionisation is 
shown in Figure 7-22. The sample was prepared by mixing hemin with a very small 
amount of glycerol. From the spectrum, it can be seen that a peak due to the intact 
molecular ion, at mlz = 651, is present. The base peak, at m/z = 616, corresponds to 
loss of the central Cl atom from the parent ion. A fragment peak at mlz = 557 
corresponds to the species [M-Cl-CH 2COOH], and there is a much smaller peak at 
m/z = 571 which corresponds to the species [M-Cl-COOH]. There is a series of 
peaks below these two fragment species corresponding to further fragmentation of 
the porphyrin, but the spectrum is quite noisy, and there are some broad peaks, 
possibly indicative of some decay process, which make definite mass assignments 
difficult. Also present, near mlz = 240, are peaks which correspond to the doubly 
charged fragments of the porphyrin residue. Again, absolute identification is difficult, 
but these peaks are in the correct mass region and have a similar distribution as the 
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Figure 7-22: Mass spectrum of hemin obtained  using photoionisation with 50 fs pulses at 750 
nm and with a laser power density of approximately 6 x 1013  Wcm2. 
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singly charged fragment ions. Doubly-charged ions was also seen for some of the 
metalloporphyrins (see Section 7.2). This appears to be a feature of photoionisation 
with such intense pulses since nanosecond photoionisation spectra recorded for the 
same molecule at 193 nm [30] do not show any evidence of doubly charged ions 
under even the hardest of ionisation conditions. This type of multiple charging, 
however, is common in the electron impact mass spectra of porphyrins. Also present 
in the femtosecond photoionisation mass spectrum are some low mass peaks 
corresponding to iron (the central metal in hemin), potassium and some hydrocarbon 
species. 
The nanosecond laser photoionisation mass spectrum of hemin, previously 
obtained in our lab, under hard ionisation conditions at 193 nm is shown in Figure 
7-23. As for the femtosecond photoionisation mass spectrum, the peak at mlz = 616 
is the base peak of the spectrum, with the molecular ion being present at mlz = 651 at 
a lower intensity. There are two fragment peaks at mlz = 557 and 571 which 
correspond to the species [M-Cl-Cfl 2COOH] and [M-Cl-COOH]. Both peaks are of 
a comparable intensity, unlike in the femtosecond spectrum where the [M-C1-
CH2COOH] fragment was of a much higher intensity than the [M-Cl-COOH] 
fragment. Further fragmentation of the porphyrin macrocycle occurs by further loss 
of 'COOH and CH2COOH radicals, and by partial or complete loss of the remaining 
side-groups to produce lower mass fragments. No doubly charged ions are observed. 
Chlorophyll a 
Chlorophyll a is a further example of a porphyrin-type molecule, and is found 
widely in natural systems. The structure of chlorophyll a is displayed in Figure 7-24. 
The chlorophyll ring system has two main differences to those in the porphyrins 
studied previously. Firstly, one of the pyrrole rings has a reduced double bond with a 
phytyl substituent consisting of a highly hydrophobic 20-carbon alcohol esterified to 
an acid side chain. Secondly, there is also a fused cyclopentanone present in the 
porphyrin ring. The four nitrogens of the porphyrin ring are chelated to a central 
magnesium atom. 
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Figure 7-23: Mass spectrum of hemin obtained under hard ionisation conditions using 
nanosecond pulses at 193 nm 
Chapter 7. Femtosecond Photoionisation Mass Spectrometry 	 188 
Figure 7-24: Structure of chlorophyll a 
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The role of chlorophyll a in the photosynthetic reduction of CO 2 by water in plants 
is to provide a source of electrons that can continue to be supplied for some time in 
the dark. Electron spin resonance studies of light irradiated chlorophyll show that 
radicals are formed. The electrons are transmitted through chlorophyll micelles to 
other intermediates involved in the reduction of CO 2 . As chlorophyll absorbs in the 
far red region of the visible spectrum it is the main source of green pigment in living 
vegetation. The mass spectra presented here were obtained using chlorophyll a 
extracted from spinach (supplied by Aldrich). Samples were dissolved in methanol, 
applied to the probe and the solvent allowed to evaporate. 
Figure 7-25 displays the femtosecond photoionisation mass spectrum obtained for 
this molecule using 50 fs pulses at 750 nm. The two most prominent peaks in the 
spectrum are those at mlz = 615 and mlz = 482, the latter being the base peak. The 
peak at mlz = 615 corresponds to the parent ion minus the phytyl side-chain with 
hydrogen attachment. The base peak corresponds to the loss of COOCH 3 from the 
fused cyclopentanone, along with benzylic cleavages at ring 4 and ring 2 for the 
phytyl ester and the ethyl substituents, respectively. The fragmentation pattern 
observed below mlz = 482 is consistent with the further loss of aliphatic side-groups, 
as the peaks are separated by either 14 or 15 mass units. 
The series of peaks centred on mlz = 200 appears to correspond to the doubly 
charged fragment ions, although no doubly charged molecular ion is observed. Also 
seen are low mass peaks below mlz = 100, which correspond to hydrocarbon 
fragments. There is also a peak at mlz = 24 which could correspond to either loss of 
the central Mg atom or to C 2 . 
No peak for the intact parent ion was observed, possibly due to the laser intensity 
being too high. The nanosecond laser photoionisation mass spectrum of chlorophyll a 
obtained under conditions of hard ionisation with pulses at 193 nm [16], previously 
in our group, is shown in Figure 7-26. The molecular ion is observed at mlz = 893 
and is of a similar intensity to the fragment peaks at mlz = 615 and mlz = 482. As for 
the femtoseocnd photoionisation mass spectrum, the fragmentation pattern below m/z 
= 482 corresponds to further loss of aliphatic side-groups. 
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It was generally quite difficult to achieve soft ionisation of chlorophyll a using 
femtosecond ionisation. If the laser intensity was turned down too much then the 
signal was lost rather than the production of a mass spectrum with little 
fragmentation. Indeed, the signal resulting from hard ionisation did not last for a long 
time and was fairly difficult to achieve. 
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Figure 7-25: Mass spectrum of chlorophyll a obtained  usimg  photoionisation with 50 fs pulses 
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Figure 7-26: Mass spectrum of chlorophyll a obtained under partially hard ionisation 
conditions using nanosecond pulses at 193 nm 
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7.4 Near-IR Femtosecond Laser Mass Spectrometry 
of Amino Acids 
A group of amino acids, both aliphatic and aromatic, were studied using femtosecond 
photoionisation. Surprisingly, the resulting mass spectra were similar to those 
obtained using electron impact ionisation. 
7.4.1 	Aliphatic Amino Acids 
The structure of glycine is shown in Figure 7-27a: it is a 
monoaminomonocarboxylic aliphatic amino acid. There are three it orbitals located 
on the carboxylic acid group and two lone pair orbitals located at the carboxylic 
oxygen and nitrogen. The electronic absorption spectrum is dominated by excitations 
located on the carboxylic acid group. Inagaki [31] has studied the far ultraviolet 
absorption spectra of several aliphatic amino acids, including glycine, in the solid 
phase. Four main absorption bands were observed and labelled I, I, III and IV from 
low to high energy, respectively. For glycine, band I, a very weak absorption feature 
at 200 nm (6.2 eV), corresponds to the first n—>7t*transition. A weak absorption 
feature at 180 nm (6.9 eV) was identified as band II. Band III, an intense absorption 
at 158 nm (7.8 eV), corresponds to the first rr—>ic transition. Band IV consists of a 
weak absorption feature at 145 nm (8.6 eV. All four bands observed in this far-UV 
region are due to the carboxyl group because the amino group does not absorb above 
150 run. 
A theoretical study of the electronic states of glycine has been carried out by 
Serrano-Andres and Fulscher [32]. These authors calculated an excitation energy of 
5.65 eV for the no_*7r*  transition corresponding to band I at 6.2 eV. The calculated 
energy for band II was 6.98 eV, which they assigned to the transition: n o—>3s. The 
it->rr transition, corresponding to the most intense band III was calculated to lie at 
8.10 eV. The second valence rr—+it transition was predicted to occur at 10.21 eV. 
All of the amino acids absorb to some extent in the ultraviolet region, but only 
four exhibit any significant absorption in the 220-300 nm region. Glycine does not 
have any strong absorptions in the UV. In fact its molar absorptivity at 205 nm [33] 
is = 54 lmol 1 cm 1 , one of the lowest values for the amino acids. The amino acids do 
not absorb light to any appreciable extent in the visible region of the spectrum. 
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Figure 7-27: Structures of the amino acids studied with femtosecond photoionisation: a) 
Glycine b) Lysine c) Arginine d) Tryptophan 
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The mass spectrum for glycine, obtained using photoionising with 50 fs pulses at 
750 nm, is shown in Figure 7-28. A peak for this molecular ion at mlz = 75 can be 
clearly seen, but this is not the base peak of the spectrum. The base peak is at mlz = 
30, with other strong peaks at mlz = 45 and mlz = 18. Small mass fragments can also 
be seen at mlz values between 12 and 19. All of the above mentioned peaks were 
calibrated using monoisotopic masses, and the possible identities of the peaks 
calculated, again by employing monoisotopic masses to four decimal places. The 
assignments which have been given to these peaks generally agreed within two 
decimal places with the observed masses. The moderately intense peak at mlz = 18 
corresponds to water, which was used as the solvent. 
The peak at mlz = 45 corresponds to the [COOH] fragment and that at m/z = 30 
to [H2N=CH2], i.e. [M-COOI-1]. The peak at m/z = 29 corresponds to the [CH-NH 2] 
fragment, i.e. [M-H-COOH], and has a lower ion intensity than the [M-COOH] 
fragment due to the fact that two bonds must be broken to produce the fragment [CH-
NH2]. The peak at m/z = 28 most likely corresponds to [CO]'*. The peaks at mlz = 13 
and 14 can be assigned to the fragments [M-COOH-NH 3] and [M-COOH-NH2], 
respectively. 
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Figure 7-28: Mass spectrum of glycine obtained using photoionisation with 50 fs pulses at 
750 n 
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This femtosecond photoionisation spectrum resembles the El obtained by Junk 
and Svec [34]. The major peaks they observed for glycine were mlz = 30 (67.5%), 
mlz = 28 (14%), mlz = 75 (4%), mlz = 45 (2.2%) and mlz = 44 (1.8%): figures in 
parentheses are percentages of the total ion yield. The major peak intensities obtained 
using femtosecond photoionisation are shown in Table 7-2 for comparison, as 
percentages of the total integrated areas of all ion peaks and as percentages of the 
total amplitudes of all ion signals. There is generally good agreement between these 
two sets of percentage measurements. A general mechanism of how amino acids such 
as glycine fragment under El to lose the [COOH] group is given below. It can be 
seen that the charge remains on the fragment containing the nitrogen. It appears that a 
similar fragmentation mechanism is applicable to the femtosecond photoionisation 
studies reported here. 
1 J11 
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Figure 7-29: General mechanism for the fragmentation of an amino acid leading to loss of 
the [COOH]+ group 
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m/z % of total integrated 
area of all ion peaks 
% of total amplitude 
of all ion signals 
% of integrated area 
normalised to the base 
peak 
75 3.38 3.71 9.1 
45 8.52 7.05 22.8 
44 0.94 1.50 2.5 
30 37.34 33.23 100 
29 8.28 7.59 22.2 
28 20.12 16.90 53.9 
27 3.37 3.02 9.1 
18 5.11 7.14 13.7 
12 2.81 2.89 7.5 
Table 7-2: Relative intensities of the most prominent peaks in the femtosecond 
photoionisation mass spectrum of glycine. 
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For both methods of ionisation, the base peak in the spectra is at mlz = 30. The 
next most intense peak occurs at mlz = 28, and the fourth most intense peak at mlz = 
45. The molecular ion in both cases made up around 4% of the total ion intensity. 
The peak at mlz = 29 does not occur with as high an intensity electron impact 
ionisation mass spectrum compared to the femtosecond photoionisation mass 
spectrum. 
El data available [35] exhibits a similar fragmentation pattern. The peaks, and (in 
parenthesis) the relative intensities, normalised to the base peak are as follows; mlz = 
30 (100%), mlz = 28 (25%), mlz = 75 (5%), mlz = 29 (4%), m/z = 45 (3%), mlz = 32 
(3%), mlz = 27 (3%) and m/z = 44 (3%). Mass spectra of some amino acids obtained 
using the LAMMA laser microprobe have been reported [36]. Two major peaks were 
observed in the spectrum for glycine, at mlz = 76 and mlz = 30, corresponding to 
[M+H] and [M+H-HCOOH], respectively, similar to the mass spectrum obtained 
by chemical ionisation with methane as the reactant gas [37]. In the CI mass 
spectrum, these two peaks, although the most intense, were in an intensity ratio of 
36:100, compared to 100:89 for the LAMMA spectrum. It would appear that 
femtosecond photoionisation was a fairly hard method of ionisation and despite 
being a very different method of ionisation to electron impact, the two techniques 
bear strong similarities. 
Lysine 
Lysine is an aliphatic diaminomonocarboxylic amino acid, with the structure 
shown in Figure 7-27b. Lysine, like glycine, is not a strong absorber in the 
ultraviolet, having a molar absorptivity at 205 nm of E = 98 lmoY'cm'. Electron 
impact mass spectra [35] show the following fragments (intensities, relative to the 
base peak are given in parenthesis); mlz = 30 (100%), mlz = 84 (54%), mlz = 56 
(44%), mlz = 72 (39%), mlz = 43 (28%), m/z = 44 (27%), m/z = 42 (17%), m/z = 41 
(11%). The parent ion intensity is only 0.8%. Photoionisation of lysine with 50 fs 
pulses at 750 nm produced a mass spectrum which displayed a similar fragmentation 
pattern to the El spectrum, with similar fragment ion relative intensities. The 
photoionisation mass spectrum obtained is shown in Figure 7-30. 
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As for glycine, the major fragment ions are listed in Table 7-3 as percentages of 
the total integrated areas of all ion peaks and also as percentages of the total 
amplitudes of all ion signals. Also provided for comparison, are the intensities of 
each fragment expressed as a percentage of the integrated peak area relative to that of 
the base peak. It can be seen that for both types of ionisation the base peak, mlz = 30, 
is the same and that the major fragment ions are similar, for example mlz = 56 (36% 
vs. 44% for El), mlz = 84 (31% vs. 54% for El), mlz = 72 (24% vs. 39% for El) and 
m/z = 43 (20% vs. 28% for El). 
The intensity of the molecular ion relative to the base peak is 0.9% in the case of 
the fs photoionisation spectrum shown in Figure 7-30, compared to the value of 0.8% 
when El is employed [35]. 
The low mass fragment ions, including the base peak at mlz = 30 corresponding to 
[H2N=CH2], are similar to the low mass fragments observed in the photoionisation 
mass spectrum obtained for glycine, namely; C (m/z = 12), CH (mlz = 13), CH 2 
(mlz =14), CH 3 or NH' (mlz = 15), NI-12'(m/z = 16). NI-1 3 ' m/z = 17), H20'(m/z = 
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Figure 7-30: Mass spectrum of lysine, obtained using photoionisation with 50 fs pulses at 750 
nm 
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m/z % of total integrated 
area of all ion peaks 
% of total amplitude 
all ion signals 
% of integrated area 
normalised to the 
base peak 
146 (M) 0.9 0.6 0.9 
130 0.7 4.4 0.7 
128/129 2.2 2.0 9.9 
84 7.1 5.7 31.2 
72 5.5 4.7 24.1 
56 8.1 6.8 35.8 
43 4.5 4.8 20.0 
30 22.6 17.3 100 
29 5.0 5.0 21.9 
28 15.7 13.4 69.4 
18 5.6 7.1 26.3 
Table 7-3: Relative intensities of the most prominent peaks in the femtosecond 
photoionisation mass spectrum of lysine. 
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Arginine 
Arginine is an aliphatic diaminomonocarboxylic amino acid with two NH groups. 
The structure of this amino acid is shown in Figure 7-27. Arginine has a higher molar 
absorptivity in the UV (c = 1350 lmol'cm at 205 nm) than either glycine or lysine. 
However this value is still small compared to the molar absorption coefficients for 
the four amino acids with characteristic absorption in this region; viz tryptophan ( 
20400 at 205 run), phenylalanine (E = 8600 at 205 nm), tyrosine (s = 6080 at 205 nm) 
and cystine ( = 2200 at 205 nm). 
The femtosecond photoionisation mass spectrum obtained for arginine is shown in 
Figure 7-31. The spectrum shows extensive fragmentation. This fragmentation 
pattern, for obvious reasons, is similar to that observed for lysine. Low mass 
fragments at mlz = 12, 15, 18, 28, 30, and 43 were assigned as in the photoionisation 
mass spectrum of lysine. The higher mass peaks observed, along with their 
assignments, are listed in Table 7-4. 
Junk and Svec [34] observed in their El mass spectra of cc-amino acids, that the 
intensity of the [M-COOH] fragment ion decreased as the hydrocarbon end of the 
molecule became larger. Our results are consistent with this. In the photoionisation 
mass spectrum for glycine the [M-COOH]' fragment ion at mlz = 30 is the base peak. 
For lysine, the corresponding peak at mlz = 101 in the mass spectrum is a minor but 
still observable peak. However, there is no peak in the photoionisation mass 
spectrum of arginine at m/z = 129, corresponding to the [M-COOH] fragment ion. 
Also, Parker and Hercules [36] observed in their LAMMA laser microprobe work 
on aliphatic amino acids, that as the separation between the amino and carboxylic 
groups on the aliphatic chain increased, the fragment ion corresponding to the loss of 
H20 became increasingly significant. This was explained by the fact that the stability 
of the resulting carbonium ion was no longer influenced by the NH 2 group. Our data 
shows the same trend. The photoionisation mass spectrum of glycine displays no 
peak at mlz = 57, corresponding to [M-H 20]. In the spectrum for lysine the 
corresponding fragment ion [M-H 20] at m/z = 128 can be clearly seen and in the 
photoionisation mass spectrum of arginine this fragment ion, at mlz = 156, is 
noticeably more significant. 
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Figure 7-31: Mass spectrum of arginine, obtained using photoionisation with 50 fs pulses at 
750nm 
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mlz Assignment 






Table 7-4: Higher mass fragment ions observed in the mass spectrum of arginine obtained 
using photoionisation with 50 fs pulses at 750 nm. 
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7.4.2 Aromatic Amino Acids - Photoionisation Dynamics 
of Tryptophan 
Tryptophan is a heterocyclic amino acid. The structure of this molecule is 
displayed in Figure 7-27d. Due to the importance of the role of this amino acid in the 
ultraviolet absorption and fluoresence spectra of proteins there have been many 
previous studies of the electronic spectrum [38] of this molecule. The molecule has 
two strong absorption bands in the UV, the first at 220 nm and the second at 286 nm, 
which corresponds to excitation from the ground to the first excited singlet state. This 
near-UV absorption band makes tryptophan amenable to near-resonant 
photoionisation with commonly used lasers. Due partly to the relatively high 
ionisation cross-section for this molecule and the relatively stable ion signal that can 
be generated in such experiments, tryptophan has been the subject of several previous 
mass spectrometric studies, which have focussed on desorption [39,40], 
fragmentation [41], and substrate effects [42]. 
Femtosecond photoionisation mass spectrometric studies have previously been 
carried out with pulse durations of 300 fs [43], or more commonly 500 fs [44,45,46]. 
Moreover, the photoionisation wavelengths employed in these earlier studies were 
near-resonant with the first singlet absorption band of the molecule. In this work 
considerably shorter pulselengths, around 50 Es, were employed together with an 
excitation wavelength of 750 nm, considerably off-resonant from the UV absorption 
band. Since ionisation potential of tryptophan is 7.2 eV [47], a minimum of five 750 
nm photons are required for ionisation. The photoionisation mass spectrum obtained 
for tryptophan is shown in Figure 7-32. 
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Figure 7-32: Mass spectrum of tryptophan obtained using photoionisation with 50 fs pulses at 
750 n 
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The ion signal obtained for tryptophan was extremely intense and also very stable. 
The base peak in the spectrum is at mlz = 130, corresponding to the dehydroindole 
fragment, and comprises 83.1% of the total ion signal. The molecular ion at mlz = 
204 was the only other major peak observed, comprising 14.7% of the total ion 
signal. Table 7-5 lists the intensities of all ions detected in the spectrum. The 
fragmentation pattern is very similar to that obtained using nanosecond laser 
photoionisation at a wavelength of 266 nm. 
There is very little fragmentation in the femtosecond photoionisation mass 
spectrum of tryptophan compared with those obtained for the aliphatic amino acids. 
The only fragments observed for tryptophan are at m/z = 159 [M-COOH], mlz = 77 
[C6H5] and mlz = 28 [CO]'*, together with the dehydroindole ion at mlz = 130 [M-
HCNH2-COOH]. 
Chapter 7. Femtosecond Photoionisation Mass Spectrometry 	 208 
mlz % of total integrated 
area of all ion peaks 
% of total amplitude 
of all ion signals 
% of integrated area 
normalised to the base 
peak 
204 14.7 15.7 17.7 
159 1.1 1.3 1.3 
130 83.1 79.5 100 
77 0.6 2.0 0.7 
28 0.6 1.5 0.7 
Table 7-5: Relative intensities of the most prominent peaks in the femtosecond 
photoionisation mass spectrum of tryptophan. 
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The way in which the relative intensity ratio of the parent ion (mlz = 204) and the 
dehydroindole ion (mlz = 130) varied as a function of ionising laser intensity is 
displayed in Figure 7-33. It can be seen that as the femtosecond laser intensity is 
increased, the molecular ion signal intensity decreases with respect to that of the 
dehydroindole ion. The pulse energy was varied between 7 and 52 jiJ. The ratio 
reaches a constant value of around 0. 15, at a pulse energy of 25 jxJ beyond which any 
further increase in the pulse energy produces no further change. This region 
corresponds to saturation of the laser excitation channel leading to formation of the 
dehydroindole ion, before the intensity of this fragment ion decreases due to 
formation of smaller fragment ions, such as [C 61-15], which are formed from the 
dehydroindole ion. The maximum value of the relative intensity ratio of the parent 
ion and dehydroindole ion at the threshold for formation of any ions was found to be 
0.73. 
Since it was possible to obtain intense and very stable ion signals for tryptophan, 
some preliminary intensity dependence studies were carried out on this molecule. 
Such studies were too difficult to perform on the other molecules studied, due to the 
difficulty in obtaining both a steady desorption signal and a large enough ion signal, 
for those ions of interest, over a wide enough laser intensity range. 
For these intensity dependence studies, the laser pulse energy was attenuated from 
52 i.J to 7 [tJ, by use of a neutral density variable attenuator. The integrated areas for 
the molecular ion peak, and the fragment ion peaks at m!z = 130, mlz = 77 and m/z = 
28 were measured and the log of these values were plotted against the log of the laser 
intensity. This data is shown in Figure 7-34. The gradient of any one of these straight 
lines should be equal to the number of photons required for the formation of that ion. 
For the molecular ion (mlz = 204), a gradient of 4.4 ± 0.4 was observed, 
indicating that 4 photons were required for production of the parent ion. Gradients of 
5.5 ± 0.3 for the dehydroindole ion (mlz = 130), 6.2 ± 0.2 for mlz = 77 and 6.0 ± 1.0 
for mlz = 28 were observed. These values do not appear to be much greater than the 
expected values (e.g. 5 photons at 750 nm required to overcome the IP of 7.2 eV plus 
additional photon(s) to induce fragmentation. This indicates that a multiphoton 
process is more likely than a barrier suppression or tunelling mechanism. 
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Figure 7-33: Relationship between parent ion to dehydroindole ion ratio, with increasing 
femtosecond laser pulse energy 
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Figure 7-34: Double-logarithmic plot of the relationship between ion intensity and 
femtosecond laser intensity 
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7.5 Femtosecond Photoionisation of Polymers-
Comparison With Other lonisation Techniques 
7.5.1 	Introduction 
The polydimethylsiloxanes are an aliphatic group of polymers which are not 
efficiently photoionised by UV light. Hence, alternative ionisation techniques have 
been investigated. These polymers have previously been studied in our laboratory 
using VUV nanosecond single photon ionisation [48]. This available data was 
compared to that obtained from using femtosecond pulses at 750 nm. Silicones are 
uniquely man-made materials. They have found a wide variety of important 
industrial applications. Methysiloxanes and polydimethylsiloxanes (PDMS) 
constitute a large part of the organosilicon family. Low molecular weight PDMSs are 
well known as silicone oils, and provide the main intermediates for most silicone 
additives and silicone rubbers. They can also be found in foodstuffs, soils and 
sediments, ground water, and are widely used in medical and biological applications. 
Consequently, the analysis of these polymers is increasingly important. A broad 
overview of current approaches to the analytical chemistry of silicones can be found 
in a 1991 edition of Chemical Analysis [49]. 
The selectivity inherent in MPI means that only molecules with a resonant or 
near-resonant UV chromophore exhibit enhanced detection sensitivity, requiring only 
low laser fluences. At the high UV fluences required to induce photoionisation in 
molecules that do not contain such a UV chromophore, ionisation is often 
accompanied by high levels of fragmentation. Whilst selectivity of detection is 
desirable in many instances, as it can lead to simplified and more readily 
interpretable mass spectra, it reduces the general applicability of this approach and 
often requires some foreknowledge of the optical spectroscopy of a target material. 
One solution is to use single-photon ionisation (SPI) with photon energies 
marginally above the ionisation potential. This can be considered a reasonably soft 
ionisation method, as little excess energy is available to cause bond cleavage. Using 
SPI, only low fluences are required for photoionisation, thereby reducing the 
probability of two-photon absorption. Furthermore, single-photon ionisation cross-
sections are often much more uniform between molecules compared to the higher 
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order cross-sections involved in MPI, yielding more quantitative detection 
probabilities [50]. Since most organic molecules can be ionised by photons with an 
energy of 10 eV, SPI can be effected by frequency tripling the third harmonic of an 
Nd:YAG laser (355 nm) in xenon to produce coherent 10.5 eV radiation (118 nm). 
Vacuum ultraviolet (VUV) laser radiation generated in this way has previously been 
used to study a variety of aliphatic hydrocarbons [51,52,53], laser desorbed 
biomolecules [54] and sputtered bulk organic polymers [55,56]. 
A further possibility is the use of a high intensity femtosecond laser. There is an 
inherent problem associated with the ionisation of high mass molecules [57]. If 
reduced ionisation efficiency was apparent for high mass oligomers, then the use of 
femtosecond pulses may alleviate this. This would only be effective if the problem 
with MPI was caused by decay into fragmentation channels more quickly than up-
pumping to the ionisation continuum. The use of high flux, ultrashort pulses may 
defeat such fragmentation pathways by rapid up-pumping to form intact oligomers. 
The application of laser desorption laser photoionisation time-of-flight mass 
spectrometry (L2MS) to the analysis of a series of polydimethylsiloxanes (PDMS) is 
described here. These polymers contain no UV chromophore and hence no 
resonance-enhancement will occur for photoionisation at UV wavelengths 
conventionally-employed for MPI. Three different sets of photoionisation 
experiments have been carried out, namely nanosecond single-photon laser ionisation 
at 118 run, femtosecond laser ionisation at 750 nm and, purely for comparative 
purposes, nanoseocnd multiphoton laser ionisation at 266 nm. It had been thought 
that no useful information could be gained using nanosecond MPI at 266 nm on these 
aliphatic polymers, but these studies prove otherwise. 
All experiments were performed on the laser mass microscope except the single-
photon ionisation studies. These had been carried out earlier [48] using a molecular 
beam laser mass spectrometer (but without using molecular beam entrainment of the 
desorbed molecules). 
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7.5.2 Vacuum Ultraviolet Laser Photoionisation at 118 
nm 
7.5.2.1 Experimental 
The low molecular weight PDMS polymers examined in this work were obtained 
from Fluorochem Ltd., and used as received. The high molecular weight PDMS 
sample (93 700 Da) was obtained from Aldrich. 
The laser desorption laser photoionisation time-of-flight mass spectrometer has 
been described previously [19]. The polysiloxane samples were drop coated, in 
milligram quantities, onto a MACOR probe as mixtures with colloidal graphite. The 
presence of graphite was found to enhance the desorption yield at lower desorption 
laser fluences. Sample desorption was carried out using a pulsed TEA CO 2 laser 
(Alitec 854MS). The output from this laser was focussed to Ca. i mm 2 using a 30 cm 
focal length NaCl lens. Typical desorption power densities were Ca. 4.3 MW CM-2. 
The desorbed neutral molecules were photoionised directly above the sample surface. 
The sample probe - ionisation laser separation was typically 5 mm. The photoions 
were mass analysed using a reflectron time-of-flight mass spectrometer. The 
experiments were carried out at a repetition rate of 10 Hz. Typically, data from 50 
consecutive laser shots were accumulated in order to enhance the signal-to-noise 
ratio. 
The vacuum ultraviolet (118 nm, 10.49 eV) laser radiation was generated by 
frequency tripling the third harmonic (355 nm) of a Nd:YAG laser (JK HY750) in a 
xenon gas cell. A detailed description of the VUV apparatus has been given 
previously [58]. 
7.5.2.2 Results and Discussion 
Prior to showing the femtosecond laser ionisation spectra obtained for various 
PDMS samples, it is instructive to revert to the nanosecond VUV single-photon 
ionisation spectra which are shown here directly for comparison. Figure 7-35 shows 
the single-photon ionisation mass spectrum obtained for a PDMS sample with 
average molecular weight 770 Da. The low mass region of the mass spectrum 
contains peaks due to carbon cluster ions and an intense peak at mlz = 73 
corresponding to the polymer end group, [Me 3 Si]. The principal feature of the higher 
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mass region is a series of intense peaks separated by 74 Da (labelled 1-13). This 
separation corresponds to the mass of the PDMS repeat unit. However, the peak 
masses do not correspond to the molecular weights of intact oligomeric species, but 
are 15 Da below this value. It has been observed previously, using electron impact 
mass spectrometry, that only when there are aromatic substituents is an appreciable 
molecular ion signal observed. Commonly, the mass spectra are characterised by 
rapid dissociation to the even-electron ion formed by Si-C cleavage [59]. This would 
suggest that this series of peaks can be attributed to the presence of [M-Me]' ions. 
This series of siliconium ions, with the structural formula [Me 3 Si(O-SiMe2)], 
extends from n= ito 13. 
A much less intense series of peaks, labelled with asterisks (*) and occurring at 
mlz = 133, 207, 281, 355, 429, 503 and 577 are also observed. These peaks are again 
separated by a regular interval of 74 Da and can be assigned to the structural formula 
[0-SiMe(O-SiMe2)m]. They can be attributed to the elimination of Me 4 Si from the 
siliconium ions, [M-Me]. This has been observed previously in the electron impact 
mass spectra (EI-MS) of low molecular weight oligomers [60]. In the case of higher 
molecular weight species, [Me 3 Si(0-SiMe2)-OSiMe3] where n > 3, rearrangement 
accompanied by loss of cyclic neutrals from the siliconium ion was shown to become 
more important than Me4Si elimination. 
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Figure 7-35: Single-photon ionisation mass spectrum for a PDMS sample with average 
molecular weight of 770 amu. The peaks labelled 1-13 correspond to the siliconium ions 
[Me3Si(o-SiMe2)]. Those labelled with an asterisk (*) correspond to the ions [(O-SiMe)(0-
SiMe2)mj, formed by elimination of Me4Si. Carbon clusters are generated upon desorption 
from a graphite matrix. 
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However, both the ion series [Me 3 Si(O-SiMe2)] and [0-SiMe(O-SiMe2)m] have 
also been observed in the pyrolysis-EI-MS of PDMS [61]. The principal step in 
pyrolysis is the formation of a series of cyclic polymers with the structural formula 
[Me2 SiO]. Their molecular ions can subsequently undergo fragmentation, via direct 
cleavage of a methyl group, to give ions with masses which correspond to the series 
labelled with asterisks in Figure 7-35. In addition, the cyclic oligomers produced by 
thermal decomposition may undergo fragmentation accompanied by a methyl shift 
[62] producing ions of the type [Me 3 Si(O-SiMe2)]. The mechanism for infrared 
laser desorption involves rapid heating of the substrate or matrix on which the 
sample is deposited [63]. At sufficiently high rates of heating desorption is favoured 
over thermal decomposition. However, it is possible that desorption of PDMS from a 
graphite matrix is accompanied by some thermal degradation. Thus, the ionisation 
and subsequent fragmentation of cyclic oligomers formed by thermal decomposition 
of PDMS during the desorption step may be a mechanism which contributes to the 
intensity of these two series of ions. 
The average molecular weight for the intense series of peaks due to the [Me 3 Si(0-
SiMe2)f ion series observed in Figure 7-35 was calculated, assuming that these ions 
were all the products of Me loss from the corresponding PDMS molecular ion. The 
resulting values of Mw = 532 and MN = 500 (olydispersity = 1.064) were 
considerably lower than the value supplied by the manufacturer, M w = 770. This 
discrepancy is consistent with a contribution to the intensity of the lower mass peaks 
resulting from rearrangements and the elimination of neutral species from higher 
mass oligomers. As mentioned above, in El mass spectrometry, siliconium ions 
[Me3 Si(O-SiMe2)], for n> 3, have been shown to fragment via loss of neutral cyclic 
species. When examining an oligomeric distribution, the peaks resulting from the 
loss of such cyclic species will be coincident with the [M-Me]' ion signals derived 
from lower molecular weight oligomers. Similarly, cyclic thermal degradation 
products which undergo fragmentation accompanied by a methyl group shift will 
also contribute intensity to lower mass peaks of the ion series [Me 3 Si(O-SiMe2)]. 
The effect is thus to enhance the peak intensities of the lower molecular weight peaks 
in the [Me3 Si(O-SiMe2)] ion series and shift the measured distribution to lower 
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mass. As a consequence, only limited information concerning the molecular weight 
distribution of PDMS samples can be obtained using SPI mass spectrometry. 
It is possible to probe different kinetic energy ranges of the desorbed molecules by 
adjusting the time delay between the desorption and ionisation lasers. Kinetic 
energies have been found to be correlated with internal energies, so longer delay 
times select desorbed neutrals with lower internal energy [64]. The mass spectrum 
shown in Figure 7-35 was obtained using a time delay of 175 ps. This time delay was 
selected as it gave mass spectra with well resolved peaks and minimal fragmentation. 
Figure 7-36a and Figure 7-36b show the SPI mass spectra obtained for PDMS 1250, 
with desorption-ionisation delays of 175 s and 30 jis, respectively. The mass 
spectrum obtained with a longer time delay is comparable with that shown in Figure 
7-3 5. It shows a series of peaks corresponding to [Me 3 Si(O-SiMe2)] ions (labelled 
1-12) and a less intense series corresponding to {0-SiMe(O-SiMe 2)m] ions labelled 
with asterisks (*). However, the mass spectrum obtained at a delay of 30 ts is 
considerably different. The series of {Me 3 Si(O-SiMe2)] ions, for n > 3, are no 
longer the most intense peaks in the mass spectrum. The most intense peaks are those 
atmlz=73, 147 and 221. 
The larger kinetic energies of the molecules sampled at this shorter delay time 
correspond to larger internal energies, i.e. they can be considered to be internally 
"hotter". Whilst the most intense peaks are at masses consistent with the [Me 3 Si(0-
SiMe2)] ion series, for n < 3, their dramatic increase in intensity on sampling the 
"hotter" desorbed molecules suggests that they are the result of either enhanced 
fragmentation of oligomer molecular ions, or are due to the presence of more thermal 
decomposition products in the desorption plume. The [0-SiMe(O-SiMe 2)m] ion 
series is similarly enhanced in intensity. Two other low intensity peaks are also 
observed in the spectrum shown in Figure 7-36b, at mlz = 267 and 341. These ions 
can not be accounted for by the fragmentation processes described above. They have, 
however, been observed in pyrolysis-EI-MS of PDMS [61] lending weight to the 
idea that the "hotter" part of the desorption plume contains the products of thermal 
degradation processes. 
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Figure 7-36: Single-photon ionisation mass spectra for a PDMS sample with average 
molecular weight 1250 Da. The top spectrum was recorded using a desorption-ionisation 
delay of 175 j.ts and the lower spectrum with a delay of 30 Vs. 
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Two further PDMS samples were also examined, with average molecular weights 
of 2000 Da and 3780 Da. The single-photon ionisation mass spectra for these 
polymers were broadly similar to one another. In neither case, using a 175 jis 
desorption-ionisation delay, were peaks observed which corresponded to the 
[Me3 Si(O-SiMe2)] ion series that was prominent in the mass spectra for the lower 
molecular weight polymers. The use of higher desorption laser powers did not result 
in the observation of these species. The most intense signals were obtained using a 
desorption laser intensity of ca. 8 MW CM-2  and a desorption-ionisation time delay of 
30 p.s. Figure 4 shows the single-photon ionisation mass spectrum of PDMS 3780 
obtained under these conditions. In this case, all the peaks observed can be attributed 
to fragments of the PDMS oligomers. The most intense peaks are again at mlz = 73, 
147 and 221. Other intense peaks correspond to [O-SiMe(O-SiMe 2)mj', labelled with 
asterisks, where m = 1-4, and peaks at mlz = 267 and 341. 
The mass spectrum in Figure 7-37 is typical of those obtained for higher mass 
PDMS samples. The higher laser desorption intensity used to desorb these samples 
leads to mass spectra dominated by the products of fragmentations and 
rearrangements and yields no useful information regarding the average molecular 
weight distribution. The mass spectrum obtained for the much higher molecular 
weight PDMS sample, of average molecular weight 93 700 Da, is shown in Figure 
7-38. In common with the spectrum obtained for the PDMS 3780 sample, the mass 
spectrum exhibits no distribution of oligomer molecular ions, only lower mass 
fragments. The base peak, in this case, corresponds to the ion [SiOH] at mlz = 45. 
The short desorption - ionisation delay time and the exclusive production of fragment 
ions suggests that again the spectrum is dominated by the products of thermal 
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Figure 7-37: Single-photon ionisation mass spectrum for a PDMS sample with average 







Figure 7-38: Single-photon ionisation mass spectrum of a PDMS sample with average 
molecular weight 93 700 Da obtained using a desorption-ionisation delay of 30 [is. 
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7.5.3 Femtosecond Laser lonisation at 750 nm 
In these experiments sample desorption was also carried out using the same pulsed 
TEA CO2  laser (Ailtec 854MS) that was used for the earlier nanosecond single-
photon ionisation studies. Typical desorption power densities were ca. 4.0 MW CM-2. 
Desorbed neutral species were postionised Ca. 80 jis  after desorption using 50 fs 
pulselength laser radiation at 750 nm generated on the femtosecond laser system at 
the Rutherford Appleton Laboratory, described in detail in section 3.4.2. Sample 
preparation was similar to that used for the SPI studies. Typical femtosecond pulse 
energies of around 20 pd were employed. 
The mass spectra obtained for several of the PDMS samples previously studied, 
average molecular weights 410 Da, 770 Da and 2000 Da, are shown in Figure 7-39, 
Figure 7-40 and Figure 7-41, respectively. In order to reduce variation in ion signals 
due to laser power fluctuations each spectrum represents the sum of 60 consecutive 
accumulated laser shots. The ion signals obtained using femtosecond photoionisation 
at 750 nm are surprisingly intense, particularly in the case of the PDMS 2000 sample 
where the ion signal due to the end group has an amplitude above 5 V. In general, the 
mass spectra obtained using this ionisation technique still show some of the same 
characteristic peaks observed in the earlier nanosecond single-photon ionisation 
spectra, but the overall oligomer distribution is centred towards lower mass. The 
characteristic siliconium ions, [Me 3 Si(O-SiMe2)] are present up to n = 4 with 
decreasing intensity for each sample of increasing molecular weight. The end group 
at mlz = 73 increases in intensity with increasing average molecular weight of the 
polymer sample. 
Since these experiments were carried out using very similar laser desorption 
intensities (4.0 MW cm-2  here cf 4.3 MW cm -2 previously), fragmentation in the 
femtosecond ionisation experiments must occur in the ionisation not the desorption step. 
Also, a time delay of ca. 80 ts was employed between desorption and ionisation which 
was inbetween the two values of 175 ts and 30 ts used in the nanosecond SPI 
experiments. 
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Figure 7-39: Femtosecond photoionisation mass spectrum of PDMS, average molecular 










Figure 7-40: Femtosecond photoionisation mass spectrum of PDMS, average molecular 
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m/z 
Figure 7-41: Femtosecond photoionisation mass spectrum of PDMS, average molecular 
weight 2000 Da obtained using  50 fs pulses at 750 rim 
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7.5.4 Nanosecond Multiphoton Laser lonisation at 266 
nm 
The intensity of the ion signals obtained using near-infrared femtosecond laser 
photoionisation of these polysiloxane samples was somewhat surprising since this is 
an extremely high order non-resonant process, albeit on a very short time scale. 
Although little useful information on the oligomer distribution could be obtained 
from these spectra it was felt that it would be of interest to look at the nanosecond 
multiphoton laser ionisation spectra of these samples for comparison. 
Unfortunately, in these expeiments it was not possible to use the same desorption 
laser. Instead, the polymer samples were desorbed using the 1.064 iim fundamental 
output of a Continuum Minilite Nd:YAG laser. However, as described in Chapter 5 
for the limited number of samples examined using desorption at 1.064 jim compared 
to 10.6 jim little difference, apart from the overall desorption yield, has been seen in 
the resulting mass spectra for photoionisation at the same laser wavelength. Desorbed 
neutrals were photoionised at 266 nm using the fourth harmonic output of a JK 
HY750 Nd:YAG laser. 
The mass spectrum obtained for nanosecond multiphoton laser ionisation (266 
nm) of the PDMS sample with average molecular weight of 410 Da is shown in 
Figure 7-42. As in the spectra obtained using the previous two ionisation methods, 
the characteristic peaks at mlz = 73 (end group), mlz = 147 and mlz 221 
(siliconium ions, numbered 1 and 2), and also m/z = 133, m/z = 207 and mlz = 281 
(siliconium ions minus Me4Si, labelled with asterisks) are observed. In these 
experiments the time delay between desorption and ionisation was only 4 jis. If the 
desorption plume was sampled at earlier times, then the mass spectrum shown in 
Figure 7-43 is obtained. In this case, the base peak is at mlz = 28, corresponding to 
the silicon ion. Very little other information can be gained from this spectrum due to 
the high degree of fragmentation, possibly caused by the desorbed molecules being 
internally "hotter". 
The spectrum shown in Figure 7-42, which was obtained at the optimum 
desorption ionisation delay shows considerably more fragment ions than the 
femtosecond laser photoionisation spectrum. Fragment peaks at mlz = 45 and mlz = 
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28 due to [SiOH] and Si can be clearly seen. Also, and unique to spectra recorded 
using this ionisation technique, prominent fragment peaks at mlz = 68, mlz = 92, mlz 
= 251 and mlz = 325 can be seen. One possible explanation for this difference is that 
multiphoton excitation on the nanosecond timescale at 266 nm provides access to 
additional fragmentation channels in the ion. Alternatively, they may arise due to the 
decomposition at this much shorter desorption wavelength of 1.064 p.m. 
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Figure 7-42: Mass spectrum obtained for PDMS, average molecular weight 410 Da, using 
photoionisation at 266 nm with nanosecond pulses. The time delay between desorption and 
ionisation was 4 .ts. 
Figure 743: Mass spectrum obtained for PDMS, average molecular weight 410 Da, using 
photoionisation at 266 nm with nanosecond pulses. The time delay between desorption and 
ionisation was 1 jis. 
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7.5.5 Conclusions 
It has been possible to generate characteristic mass spectra of non-aromatic PDMS 
samples using femtosecond laser photoionisation at 750 nm, VUV single photon 
ionisation at 118 nm, and to a lesser extent, nanosecond laser multiphoton ionisation 
at 266 nm. The results obtained from the previous SPI experiments [48] are discussed 
here first. 
Low molecular weight samples (<2000 Da) provide mass spectra with intense ion 
signals corresponding to the formation of siliconium ions, [Me 3 Si(0-SiMe2)], along 
with other characteristic fragment species. These dissociation processes have 
previously been observed in the electron impact mass spectra of PDMS. This data 
provides information concerning the nature of the end groups and the polymer repeat 
unit. Due to the extensive fragmentations and rearrangements, they provide little or 
no information concerning the molecular weight distribution of a particular sample. 
L2MS is also capable of generating characteristic and informative mass spectra of 
higher molecular weight PDMS samples (> 2000 Da). In these cases, the principal 
ion peaks are exclusively fragmentation products. However, these mass spectra can 
still provide unambiguous identification of the samples as siloxanes. Similar mass 
spectral features are observed for much higher molecular weight samples (> 90 000 
Da). L2MS has been shown to be capable of providing informative mass spectra of a 
commercially available PDMS with average molecular weight 93 700 Da. It has also 
been demonstrated that the kinetic energy of the desorbed neutrals has an important 
impact on the degree of fragmentation observed in the mass spectra. On sampling the 
"hotter" region of the desorption plume it was determined that much of the observed 
fragmentation could be interpreted with reference to pyrolysis-EI-MS, indicating 
that, under these conditions, extensive thermal decomposition is occurring in the 
desorption step. 
Femtosecond photoionisation has also proved a viable technique for the 
unambiguous identification of these samples as siloxanes. This was possible even as 
the average molecular weight of the siloxanes increased to 2000 amu. These mass 
spectra provide the mass of the end group as well as the first several polymer repeat 
units corresponding to siliconium ions, [Me 3 Si(O-SiMe2)], up to n = 4. However, 
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due to the large degree of fragmentation, it was not possible to obtain the molecular 
weight distribution which would distinguish these samples from one other. No 
cooling after vaporisation by entrainment in a jet expansion was performed in either 
the single-photon or femtosecond ionisation studies. Polydimethylsiloxanes have 
been analysed employing SPI with jet cooling after the desorption step [65]. The 
same siliconium ions {M-CI-1 3] were observed, centred on 9 repeat units, as without 
cooling, although our method produces a distribution around 5 or 6 polymer units. 
Accurate molecular weight distribution, although more accurate than without cooling 
(hence the slightly higher mass distribution) was not possible here, even with cooling 
of the hot desorbed molecules. The authors [65] suggest that cooling is essential, but 
our studies show that useful, characteristic information can still be gained from 
single-photon ionisation without jet-cooling. One difference between the jet-cooling 
analysis of PDMS and ours, is that de Vries and Hunziker [65] desorb with 532 nm 
light whereas this work employs 10.6 m light. The use of shorter wavelength 
photons may favour thermal decomposition over vaporisation. 
The same desorption wavelength of 10.6 i.m was applied in both the SPI and 
femtosecond techniques. It is therefore only the method of ionisation which differs. 
Perhaps surprisingly, the resulting mass spectra obtained by ionisation with a single 
photon of 118 nm wavelength and those with ionisation at 750 nm display strong 
similarities. Single photon ionisation provides an excess of only 0.85 eV above the 
ionisation potential of [(CH 3)3 Si-O-Si(CH3)3] of 9.64 eV [66]. The molecular ion 
must therefore be intrinsically unstable as this small amount of excess energy would 
not induce much fragmentation, especially in the jet-cooled species. The 
femtosecond ionisation of PDMS requires at least six (750 run) photons, although the 
mechanism by which this occurs is not clear. 
Finally, the mass spectra obtained by ionisation at 266 nm, although more 
fragmented, display similar information on the end group and early polymer repeat 
units as the previous two techniques. An important point is that the desorption 
wavelength used in these studies was 1.064 pm, compared to 10.6 tim in the SPI and 
femtosecond laser ionisation experiments. It is possible that this leads to internally 
hotter desorbed PDMS neutrals, in turn leading to a higher degree of fragmentation. 
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However, the femtosecond laser photoionisation and the SPI experiments were 
carried out using essentially the same CO 2 desorption laser intensity and with a 
similar time delay between the desorption and ionisation events and yet the 
femtosecond mass spectra were more fragmented. This suggests that fragmentation 
occurs in the ionisation and not the desorption step. Also, limited data investigating 
the effect of employing a shorter desorption wavelength suggests this has little 
difference on the fragmentation of molecules such as coronene and magnesium 
pthalocyanine, although a much shorter time delay between desorption and ionisation 
is required for desorption at a shorter wavelength. 
If molecular weight distributions cannot be calculated nearly accurately enough by 
SPI or femtosecond ionisation, then it may be considerably simpler to screen the 
samples by employing nanosecond 266 nm ionisation to obtain similar information. 
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Chapter 8 
Laser Multiphoton Excitation, Dissociation and 
Ionisation of Fullerenes 
8.1 Introduction 
Cluster science has developed into an extremely active interdisciplinary field over 
the past decade, culminating in the award of the Nobel Prize in Chemistry to R.E. 
Smalley, R.F. Curl and H.W. Kroto in 1997 for their discovery of 
Buckminsterfullerene C 60 [1]. The fullerenes are a homologous series of cage 
structures in which each carbon atom is bonded to three others in a closed-bonding 
network. They are composed entirely of six and five membered rings. C 60 has 
attracted much interest due to its great stability, rigidity and symmetric molecular 
structure. The structural and electronic properties of C 60 are now well characterised, 
and as a result it has become the subject of many studies into the physics of clusters. 
Mulitphoton absorption by C 60 in the infrared, visible or ultraviolet region of the 
spectrum leads to the formation of a highly internally excited parent molecule, C 60 . It 
has been shown [2] that upon irradiation with visible or UV photons, C 60 absorbs 10 
to 20 photons, although 2 to 3 photons would be energetically sufficient to ionise the 
molecule; the ionisation potential of C 60 is 7.6 eV [3,4]. Multiphoton absorption leads 
to a high internal energy, ca. 50 eV, but no prompt ionisation. This is due to the 
dissipation of the initial excitation energy into internal excitation at a faster rate than 
the absorption of additional photons, due to the very high density of vibrational states 
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of this molecule. Campbell et a! [5] observed mass spectra for C 60 with asymmetric 
peaks with long tails extending to higher mass. The tail was due to molecules losing 
their electrons several microseconds after the laser pulse. lonisation eventually 
occurs long (greater than microseconds) after the initial multiphoton absorption, and 
is referred to as delayed ionisation [6,7]. It has been reported that excited neutral C 60 
clusters can have a lifetime of at least 120 j.is before becoming positively charged [7]. 
This delayed ionisation was called 'thermionic emission'. 
Another decay channel accessible to C 60 (and C 70) after multiphoton absorption, is 
neutral fragmentation. Both this and ionisation (delayed and direct) are methods of 
cooling the 'superheated' molecule. The fragmentation behaviour of C 60 can be 
understood in terms of sequential evaporation of C 2 fragments from the excited 
parent molecule. This fragmentation pattern has been observed by many groups. 
Even-numbered fragments are observed between C 58 and C32 . These fragments have a 
closed-shell cage structure, but below C 321 cage structures are very unstable and rings 
and chains are more favourable structures [8]. 
The experimental value for the dissociation energy of C 60 into C58 and C2 was first 
reported as being 4.6 eV [9], later as 7.6 eV [10] and more recently as high as 11.9 
eV [11]. This spread in experimental values is partly due to the different 
experimental conditions in the formation of C 60 , leading to different internal 
temperatures. Most of the reported theoretical values are much higher than the 
experimental values. Stanton [12], for example, has calculated a value of 11.8 eV. 
Differences in the fragmentation of C 60 have been observed in the mass spectra 
obtained by UV and JR laser excitation. An effusive beam of C 60 was excited by 
different temporal shape IR pulses from a CO 2 laser and also by 355 nm radiation 
from a Nd:YAG laser. Both soft and hard ionisation spectra were obtained for UV 
excitation, i.e. C 60 was exclusively observed at low laser fluence (soft ionisation 
conditions) and extended fragmentation by loss of C 2 units was observed at high 
fluences (hard ionisation conditions). However, JR laser excitation displays similar 
fragmentation for low and high laser fluences [13]. Delayed ionisation, on a 
microsecond timescale was apparent for both UV and IR excitation. If low enough 
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laser fluences and short enough laser wavelengths are employed, then direct 
ionisation occurs, with no fragmentation or delayed ionisation [14]. 
Femtosecond lasers have also been used [15] to study the interaction of C 60 with a 
strong electromagnetic field. Multiply charged parent and fragment ions were 
observed, up to C 603 employing maximum laser intensity. Upon increased laser 
intensity, the fragment ion distribution was seen to shift to smaller fragments for the 
doubly and triply charged species, yet remained the same for the singly charged. 
Intensity dependence measurements were carried out and resulted in a value of 13 
photons required for the ionisation of C 60 + and 24 photons for C 602 . At an incident 
wavelength of 790 mu, these values correspond to 20 eV and 38 eV, respectively, 
which greatly exceed the literature values of 7.6 eV and 11.4 eV [16], obviously 
ruling out direct photoionisation. 
The authors explain these observations by suggesting that efficient energy transfer 
to the cluster is only possible in discrete steps corresponding to the creation of single 
plasmons with an energy of around 20 eV. This plasmon resonance is the collective 
motion of the delocalised rr electrons of C 60, which can be excited by multiphoton 
processes. In this model it is proposed that double excitation of this plasmon 
resonance is required to multiply ionise the molecule. However, this may not 
necessarily be the case as indicated by some preliminary intensity dependence 
measurements carried out using our results. 
A further effect of intense laser irradiation that has been studied is the Coulomb 
explosion of highly charged C 60 [17]. Excess charge on a cluster causes repulsive 
forces that can exceed the interatomic forces. The cluster decays spontaneously and a 
Coulomb explosion results. Seifert et al [17] observed differences in the behaviour of 
C60 clusters with charge states of between +16 and +20. A C 60 cluster with +16 
charges does not undergo a spontaneous Coulomb explosion, but rather relaxes by an 
expansion of the cage from 6.7 to 7.0 Bohr radii. The charged cluster (with the 
charge being delocalised over the C 60 cage) remains stable for at least 2 Ps. If the 
charge state is increased to +17, +18 and +19, still no obvious Coulomb explosion 
takes place. This is due to the excess energy being dissipated by the cluster cage 
expansion and also due to the presence of a fission barrier of at least 10 eV. At 
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charge states equal or greater than +20, spontaneous Coulomb explosion is observed. 
All the rings in the cage are opened, leading to immediate formation of dimers and 
trimers. During this explosion, the system undergoes a rapid expansion from 13 Bohr 
to 400 Bohr in around 1 Ps. 
The strong field ionisation of rare gas clusters of Ar and Xe with 130 fs pulses has 
been studied [18]. Such clusters were seen to multiply charge and Coulomb explode. 
In the case of small, diatomic molecules, the equivalent process is known as Multi 
Electron Dissociative lonisation (MEDI) [19]. This mechanism proceeds in three 
steps: the ultrafast field-induced alignment of the molecular axis along the linearly 
polarised laser electric field, followed by multiple ionisation of the molecule, and 
finally the Coulomb explosion of the highly charged molecular ion. It has been 
shown for diatomics, such as H 2 that there exists a critical internuclear distance, at 
which enhanced ionisation occurs by tunnelling [20]. The molecule stretches during 
the initial part of the laser pulse until it reaches this critical distance. The Coulomb 
explosion of the molecule results in a forward recoil and a backward recoil 
component, displayed in the TOF mass spectrum as a peak split into two. The excess 
kinetic energy which these fragments have is directly related to the initial potential 
energy in the transient ion. By measurement of the kinetic energy release of such an 
event, it is possible to identify all the different fragments originating from the same 
transient species. Such "start-up" energies have been calculated for the multielectron 
dissociative ionisation of C1 2 [21]. 
In the case of C 601 it is not clear whether its behaviour under strong field laser 
excitation can be classed as molecule-like or cluster-like [18]. In the work reported 
here, both C 60 and C70 were photoionised with 800 nm photons of pulse lengths from 
150 fs to 500 fs. The effects of using different femtosecond laser pulselengths (150 
fs-500 fs) and pulse energies (21-28 mJ) were investigated. This included carrying 
out some preliminary laser intensity dependence measurements, which suggested a 
mechanism different to the multiphoton multiplasmon resonance theory invoked by 
Hunsche et al [15]. Doubly charged and possibly triply charged fragment ions were 
observed. These femtosecond laser photoionisation experiments were complicated by 
delayed ionisation due to the infrared desorption laser. Some experiments were 
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carried out using the desorption laser alone to investigate further this delayed 
ionisation. It also meant that the neutral C 60 species were internally much hotter than 
in other previously reported experiments [15], hence possibly leading to an increased 
degree of fragmentation caused by the femtosecond laser. 
8.2 Experimental 
These femtosecond photoionisation experiments on C 60 and C 70 clusters were 
carried out at the University of Rostock, Germany. Solid samples of C 60 and C 701 
obtained from Aldrich (99.9% pure), were pressed into a drilled out metal sample 
holder. Samples were desorbed into the gas-phase using the Alltec 854 CO 2 laser 
(X=10.6 p.m). 
The femtosecond laser system, described in more detail in Section 3.4.2, consisted 
of an Ar pumped Ti:Sapphire laser which was self mode-locked by a non-linear 
material, but which could also be supported by active mode-locking using an 
optoacoustic device. Active mode-locking was not required provided the laser was 
stable within around half an hour of switching on. This Ti:Sapphire system provided 
an 83 MHz train of 800 nm, 80 fs pulses which were stretched to 250 Ps before 
amplification. The amplifier, an optical parametric amplifier (OPA), was pumped 
with 600 mJ pulses from two Nd:YAG (Quanta-Ray) lasers to provide amplification 
of the 250 Ps pulses from the Ti:sapphire laser which were then recompressed to 120 
fs by a grating device. It was possible to vary the pulse length by altering the position 
angle of this grating compensator, which was also used to compensate for any chirp 
caused by the stretcher. In general, pulse lengths between 120 fs and 500 fs were 
employed. The femtosecond laser system had to be run at a repetition rate of 30 Hz to 
ensure optimum performance. This rate was inconveniently high for the experiments, 
as the rate of sample depletion would have been too high. For this reason, a 1:6 
divider was used so that the experiments could run at a repetition rate of 5 Hz. 
The experimental apparatus used for these studies is shown in Figure 8-1. It 
consists of a source chamber, differential pumping chamber and an orthogonal time-
of-flight mass spectrometer. The mass spectrometer was used in a linear 
configuration, as shown, although it could also be operated in reflectron mode. The 
apparatus was normally used for experiments on mass-selected cluster ions, produced 
Chapter 8. Laser Multiphoton lonisation of Fullerenes 	 240 
using a pulsed arc cluster ionisation source (PAdS). For these these experiments, a 
precision manual XYZ manipulator, re-entrant through a flange directly underneath 
the ion extraction optics, see Figure 8-2, was used to position a sample probe 
between the repeller and first shield ring electrode, a few millimetres below the ion 
extraction axis. The probe was insulated from the manipulator and could be set to a 
potential intermediate between the voltages on these adjacent elements. Data was 
acquired using a multi-hit time to digital converter (TDC), interfaced to a PC, and 
could be simultaneously viewed on a digital storage oscilloscope. The voltages to the 
ion extraction optics could be pulsed on at a variable delay time after triggering the 
CO2 laser. The required timing sequence was controlled using a Stanford Research 
Systems Model DG 535 4-channel delay generator, triggered in turn using the 5 Hz 
countdown pulse from the femtosecond laser. 
{fL] 
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Figure 8-1: Schematic diagram of the instrument at the University of Rostock 
UTOF 	R 1 	 UZFeld R2 
Figure 8-2: Schematic diagram of the ion optics in the instrument at the University of 
Rostock 
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Firstly, a set of experiments were carried out using only the CO 2 laser for IR 
desorption of C60 and C70 . This was to investigate the delayed ionisation of these two 
clusters. A second set of experiments were then carried out using the femtosecond 
laser for postionisation of laser desorbed C 60 and C70. In both sets of experiments, the 
voltages on the extraction optics were pulsed on at different times after the CO 2 laser 
was fired, depending on the particular experiment. No molecular beam entrainment 
was used. Laser desorption was employed instead of an effusive source in the hope of 
producing a high number density of molecules which could subsequently be 
photoionised with the femtosecond laser, possibly enabling the detection of higher 
multiple charging states. 
8.3 Delayed lonisation of IR Laser Desorbed C60 and 
C70 
Although the initial goal of the experiments at Rostock had been to investigate 
multiple charging of C 60 in strong laser fields, it was somewhat surprising to discover 
that a substantial yield of C 60 ions could be produced using the CO2 laser alone. This 
signal manifests itself as a very broad feature with an extended decay tail to high 
mass of the C 60 parent ion. This decay is most likely due to delayed ionisation, the 
molecular equivalent of thermiomc emission [5]. It is well established that 
thermionic emission takes place for C 60, but the rate at which this occurs, the degree 
at which this process competes with dissociation, and the relationship between 
thermionic emission and experimental parameters such as photon energy and fluence 
are not properly understood or quantified. For this reason, much research has and is 
still being carried out on this subject [22, 23, 24, 25, 26, 27, 28]. For prediction of the 
temperature, and hence internal energy of the C 60, required to give emission on the 
same timescale as the observed delayed ionisation, some groups have employed 
either the Richardson-Dushman model [29, 30] for the thermionic emission from the 
bulk or the Mots model [31] for the equivalent process from clusters of finite size. 
Although the ionisation potential of C 60 is 7.6 eV [32], suggesting that the 
absorption of only two to three UV photons is energetically sufficient for ionisation, 
the absorption of 10 to 20 photons has actually been observed [14]. Indeed the 
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absorption of as many as 500 infrared (10.6 [tm) photons has been reported, although 
this led to extensive fragmentation of the parent ion [13]. Basically, it is possible for 
C60  to absorb so many excess photons above the energetic limit equal to the IP due to 
extremely efficient conversion of this input energy to internal excitation, aided by the 
high density of vibrational states. In order to see this phenomenon of delayed 
ionisation so clearly the energy necessary for dissociation of the parent molecule 
must be higher than the IP. This is not the case for other smaller molecules which 
easily dissociate. Hansen and Echt [I I] recently reported a value of 11.9 ± 1.9 eV for 
the dissociation energy of C 60 into C 58 and C2 . 
The physical significance of the rate constants for delayed ionisation obtained in 
many of the earlier experiments is somewhat uncertain due to a number of 
assumptions usually included in the calculation, such as the rates of competing 
processes such as fragmentation by C 2 loss, and radiative emission. The primary 
decay channels open to an excited C 60 molecule with an internal energy, , are thus as 
follows [27]: 
C60 (c) - C60' + e 
C60 (c) -* C 58 + C2 
C60 (c) -* C 60 + hv 
The rates of such processes will depend on the internal energy of the parent 
molecule, and will also be time-dependent due to gradual cooling by radiative edcay 
and evaporative loss. 
The decay rate observed for thermionic emission often consists of 
multicomponents due to the distribution of energy in the 174 vibrational degrees of 
freedom [27]. It is hence difficult to ascertain the internal vibrational temperature of 
the excited C 60, and a mean vibrational wavenumber is often assumed [22]. 
A. Results for C60 
Figure 8-3 shows the mass spectrum obtained in this work for excitation of C 60 
with IR laser pulses at 10.6 pm. Mass spectra were recorded using different delay 
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times between firing the CO2 laser and pulsing on the ion extraction optics. This time 
delay had a significant effect on the resulting mass spectra. The spectrum shown in 
Figure 8-3 was recorded using a delay of only 4 p.s between the CO2  laser and the ion 
extraction pulse. The spectrum shows a broad peak with the peak maximum centred 
at around 44 ps, with an extended decay tail to around 120 [is. This broad peak 
responds to the delayed ionisation of C 60 . Some low mass fragment ion peaks are 
observed below 20 ps. These peaks are much narrower than the broad parent ion 
distribution, indicating that they are formed promptly. When the same experiment 
was repeated with a 12 p.s delay between the CO2  laser and the ion extraction pulse, 
then the spectrum shown in Figure 8-4a was obtained. Two main differences can be 
seen; the intensity of the low mass ions is reduced and the rising edge of the C 60 peak 
is much sharper. Longer delays of 30 p.s and 92 p.s were also employed, resulting in 
the mass spectra shown in Figure 8-4b and Figure 8-4c. No low mass ions are 
observed in either case and the rising edge of the C 60 peak is very sharp for both. For 
all four cases, the CO2  laser power density was kept constant. The reason for the 
sharp onset to the C 60 peak in the spectra where the delay between the CO2  laser and 
the ion extraction pulse is longest, is that later parts of the decay curve are being 
sampled. In the first spectrum, where a very short delay is employed, most/all of the 
rise and decay of the curve is sampled, whereas when one waits longer before 
switching on the pulsed extraction field, one only samples at later times in the curve. 
At the longest delay times, the rising edge is not seen in the spectra, and it is only the 
decay curve which is seen. The fact that the low mass ions are not seen in the long 
time delay spectra indicates that they are formed promptly and move away from the 
source region before the extraction pulse is switched on. 
When the CO2  laser power density is increased, some fragmentation of the parent 
ion by C2 loss to give C 58 and C56 is observed. Figure 8-5 shows the spectrum 
obtained over the whole mass region under these conditions and Figure 8-6 shows an 
expansion in the region of the parent ion. In this case, it is now clear that the degree 
of internal excitation of the parent molecular ion is now sufficiently high that the 
ionic dissociation channel can also be accessed: 
C60 (c) - C (*) - C 58 + C2 
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Figure 8-3: Mass spectrum for C 60 obtained following IR laser desorption at 10.6 pm of a 
solid C60 target. The spectrum shows an extended decay tail to high mass of the C 60 peak due 
to delayed ionisation. Promptly formed low mass fragment ions of quite high intensity are also 
observed. The delay between the CO 2 laser firing and the ion extraction pulse was 4 ps. 
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Figure 8-4: Mass spectra obtained by employing JR pulses of 10.6 tm with respective delays 
between the laser firing and the pulsed extraction field of 12 jis, 30 Rs and 92 p.s. All spectra 
show an extended decay tail to high mass of the C 6o peak due to delayed ionisation. The 
spectrum obtained with a 12 p.s delay is the only one to show any evidence of promptly formed 
low mass ions. 
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Figure 8-5: Delayed ionisation curve of C 60 obtained under a higher CO 2 laser power density 
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Figure 8-6: The spectrum obtained with a higher CO 2 is shown in greater detail to display the 
fragmentation of the parent ion, to give C 53 and C5 . 
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B. Results for C70 
Similar CO2  laser desorption experiments were also carried out on C., 0. Figure 8-7 
and Figure 8-8 show two such mass spectra, the first obtained with a delay of 22 jis 
between the CO 2 laser and the ion extraction pulse, the second with a delay of 62 [is. 
The CO2  laser power density was kept constant. As for the C 60 experiments, the 
overall shape of the peak for the molecular ion is different depending on the time 
delay. At the shorter time delay, the peak shows two distinct decay profiles, whereas 
at the longer delay time only one of these profiles is sampled. Some fragmentation 
corresponding to C 2 loss to give C68 can be seen in the lower spectrum, but is not 
really evident in the spectrum recorded with the shorter delay. For this spectrum a 
much more prominent peak due to C 60 can be seen as a clear step on the rising edge 
of the signal due the C 70 . No low mass ions are observed in either case. 
No attempt has been made yet to deconvolute information on the decay kinetics 
from these profiles. It is rather complicated due to the fact that they are 
multicomponent in nature. This is because of the broad distribution of internal 
energies which the different molecules have. The contribution from the CO 2 laser 
pulse shape also complicates matters, and would have to be taken into consideration 
if carrying out such calculations. A further important point is that the mass spectra 
here do not represent the contribution from all of the C 60 / C70  molecules desorbed, as 
the viewing window for the time-of-flight mass spectrometer only allows partial 
sampling of this initial distribution. 
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Figure 8-7: Mass spectrum of IR laser desorbed C 70 . The delay between the CO 2 laser and the 










20 	40 	60 	80 	100 	120 	140 	160 
time / is 
Figure 8-8: Mass spectrum of IR laser desorbed C 70. The delay between the CO 2 laser and the 
pulsed extraction field was 62 ts. 
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8.4 800 nm Femtosecond Laser lonisation of IR 
Laser Desorbed C 60 and C70 
In the second set of experiments carried out at Rostock the CO2  laser was used for 
sample desorption as before but now the Ti:sapphire femtosecond laser system was 
used for postionisation. Obviously, the mass spectra were complicated by the fact 
that several competing processes were in operation: the delayed ionisation caused by 
the JR laser, as well as prompt ionisation and fragmentation caused primarily by the 
femtosecond laser. This also meant that the neutral species which were postionised 
by the femtosecond laser, were formed internally "hot", perhaps causing a greater 
degree of fragmentation than seen in previous experiments. 
Two main effects were investigated; the effect of different femtosecond pulse 
energies, and the effect of different pulselengths (whilst keeping the pulse energy 
constant). 
A. Results for C60 
Effect of varying the femtosecond laser pulse energy 
Figure 8-9 and Figure 8-10 show two mass spectra obtained with different laser 
pulse energies, 28 mJ and 21 mJ, respectively but with the same laser pulselength, 
150 fs. 
Both spectra show a broad feature due to delayed ionisation of C 601 some 
accompanying fragmentation to C 58 , C56 , C54 , etc, multiply charged ions e.g. C 602 , 
as well as multiply charged fragment ions e.g. C 582 , C512+ , etc, together with lower 
mass fragment ions both singly and multiply charged. There is some evidence for 
triply charged fullerene ions in the spectrum recorded at higher pulse energy. The 
relative intensity axes for the spectra shown in Figure 8-9 and Figure 8-10 are 
directly comparable. Quite clearly the yield of doubly charged ions is markedly 
greater at the higher laser pulse energy. Fragmentation of the molecular ion by 
prompt loss of C2 is also more prominent in the spectrum recorded at the higher laser 
pulse energy, and extends down to the C 40 fragment ion as can be seen from the 
expanded spectrum shown in Figure 8-11. 
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Noticeable in Figure 8-10 is the fact that many of the peaks in this spectrum 
recorded at lower laser pulse energy appear to be split. This is due to the fact that this 
spectrum was recorded with the position of the focal point of the femtosecond laser 
at a different point within the ion source. The polarisation vector of the femtosecond 
laser is parallel to the flight axis of the linear time-of-flight analyser. Therefore any 
recoil asymmetry imparted to the fragment ions that is strongly anisotropic in this 
direction, i.e. aligned to the laser polarisation vector, will appear in the arrival time 
distribution of the fragment ions as forward and backscattered peaks. Careful 
positioning of the focal region of the femtosecond laser within the ion extraction 
optics, which are of the dual field type and therefore able to partially compensate for 
the apparent kinetic energy spread introduced by such recoil anisotropy, can either be 
used to minimse or magnify this effect. Such strong field alignment, leading to 
pronounced fragment recoil anisotropy was not observed in the earlier femtosecond 
laser ionisation experiments by Hunsche et al [15] on C60 produced in an effusive 
beam. However, no information on the direction of the polarisation vector of the 
femtosecond laser relative to the time-of-flight analyser axis was given in this paper. 
Figure 8-12 shows an expansion of the region between mlz = 250-360 for Figure 
8-9 in which the doubly charged ion series C602 - C402 can be clearly seen. It is 
noticeable that the most prominent doubly charged fullerene fragment ion, C 482 or 
C502 , occurs at lower mass than for the singly charged fullerene fragment ion, C 54 . If 
the multiphoton-multiplasmon theory invoked by Hunsche et a! [15] were to apply, 
then one might expect that the absorption of at least 24 photons or 13 photons (the 
intensity dependencies observed in their experiments) would be required for 
formation of doubly or singly charged fullerene ions, respectively. Crude intensity 
dependence measurements for the yield of fullerene ions were taken for several 
spectra recorded at two different laser intensities (different pulse energies, same pulse 
lengths). These measurements are not very precise because the laser pulse energy 
was measured only approximately and some of the peaks are split. For C 48 the 
gradient of the log-log plot of ion yield versus laser intensity gave a slope of n = 5.4 
± 0.2, indicating a 6 photon excitation process. The plot for the ion yield of C 52 has a 
slope of n = 9± 2, very much lower than the value, n = 24, reported by Hunsche et a! 
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[15]. Despite the limited data available it is difficult to reconcile these measurements 
with the earlier ones. One parameter that is not well known at present is the effective 
internal energy content of the laser desorbed fullerene neutrals, which will be 
substantially higher than that of fullerenes produced using a heated effusive source. 
In this work C. was already internally hot due to the energy deposited during CO 2 
laser desorption, whereas flunsche et al [15] used an effusive beam of C 60 
equilibrated to the oven temperature of 600-700 K. Nevertheless, these results cast 
some doubt on the multiphoton-multiplasmon model. 
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Figure 8-12: Expansion of the doubly charged ion region from Figure 8-9 
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Figure 8-9: Mass spectrum obtained by using IR laser desorption of C 60 followed by 
postionisation at 800 nm with 150 fs pulses, 28 mJ/pulse. 
time /ps 
Figure 8-10: Mass spectrum obtained using IR laser desorption of C 60 and femtosecond laser 
postionisation at 800 nm with 150 fs pulses, 21 mJ/pulse. 
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Accurate mass calibration of these spectra is extremely difficult, due to the 
broadness/splitting of the peaks because of the high amount of kinetic energy which 
the ions possess, hence a time scale is used instead of a mass scale for the x-axis. 
This is very noticeable for the low mass peaks, corresponding to C 3 , C2 , C, C2 , 
C3 , C4t...C 15 , as shown in Figure 8-13. In some cases, e.g. C 2 , C, the peaks are 
clearly split while others are broad with shoulders, due to the high amount of kinetic 
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Figure 8-13: Expansionm of the low mass region in the mass spectrum shown in Figure 8-9 
(28 mJ pulse energy, 150 fs pulselength). 
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B. Results for C60 
Effect of varying the femtosecond laser pulsewidth 
The effect of varying the femtosecond laser pulselength at a constant pulse energy 
is very marked. Figure 8-14 is a duplicate of Figure 8-10 showing the mass spectrum 
recorded using a laser pulsewidth of 150 fs at a pulse energy of 21 mJ. Figure 8-15 
shows the mass spectrum obtained when the pulselength is increased to 500 fs but the 
pulse energy is kept constant. It can be seen that the doubly and singly charged 
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Figure 8-14: Mass spectrum of C 60 obtained by postionisation at 800 nm with 150 fs pulses, 
21 mJ pulse energy. 
time / Ps 
Figure 8-15: Mass spectrum of C 60 obtained  by postionisation at 800 urn with 500 fs pulses, 
21 mJ pulse energy. 
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C. Results for C70 
A similar set of experiments was carried out on C 70, employing JR laser sample 
desorption and femtosecond photoionisation. 
Firstly, the effect of different pulse energies was investigated. Figure 8-16 shows 
the mass spectrum obtained using 150 fs pulses at a pulse energy of 28 mJ and Figure 
8-17 shows the corresponding mass spectrum obtained using 150 fs pulses at a pulse 
energy of 22 mJ. 
The upper spectrum shows a prominent peak due to prompt photoionisation of 
C70, a series of singly charged fullerene fragment ions as well as a weak series of 
doubly charged fullerene ions. The yield of doubly charged fullerene ions from C 70 is 
markedly lower than in the case of C 60 as can be seen by comparing the spectrum 
shown in Figure 8-16 (C70 : 28 mJ/pulse, 150 fs pulselength) with that shown in 
Figure 8-9 (C 60 : 28 mJ/pulse, 150 fs pulselength). The prominent peaks around 30 ts 
and 42 is in both spectra, Figure 8-16 and Figure 8-17, are due to impurities, most 
likely the compound tryptophan which had been studied prior to recording this data 
on the fullerenes and which showed peaks in this region. 
Reducing the femtosecond laser pulse energy to 22 mJ/pulse produced, as 
expected from the earlier measurements on C 60, a pronouned drop in the intensity of 
all promptly formed fullerene ions, singly as well as doubly charged. Figure 8-17 
shows an example of a spectrum recorded under these conditions. 
A similar effect was observed on increasing the femtosecond laser pulselength 
whilst keeping the pulse energy constant. Figure 8-18 is a duplicate of Figure 8-16 
showing the mass spectrum recorded using a laser pulsewidth of 150 fs at a pulse 
energy of 22 mJ. Figure 8-19 shows the mass spectrum obtained using the same 
pulse energy but with the pulselength stretched to 500 fs. Again, as for C 60, the 
intensity of all doubly and singly charged fullerene ions is strongly surpressed by 
increasing the laser pulselength. 
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Figure 8-16: Mass spectrum obtained using IR laser desorption of C 70 and femtosecond laser 
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Figure 8-17: Mass spectrum obtained using JR laser desorption of C70 and femtosecond laser 







80 	90 100 110 120 130 
0 
0 	10 20 30 40 50 60 70 
time /ps 
Chapter 8. Laser Multiphoton lonisation of Fullerenes 	 260 
Figure 8-18: Mass spectrum of C 70 obtained by postionisation at 800 nm with 150 fs pulses, 
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Figure 8-19: Mass spectrum of C 70 obtained by postionisation at 800 nm with 500 fs pulses, 
28 mJ pulse energy 
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8.5 Nanosecond Multiphoton lonisation of IR laser 
desorbed C60 
Following the work carried out at the University of Rostock, a brief series of 
experiments to investigate the nanosecond ionisation at 266 nm of infrared laser 
desorbed C60 was undertaken. These experiments were carried out on the laser mass 
microscope using the fundamental wavelength (1064 nm) of the Minilite Nd:YAG 
laser for desorption and the fourth harmonic output (266 run) from the JK Nd:YAG 
laser for ionisation. Commercially bought C 60 (Aldrich, 99.9% pure) was dissolved in 
an aliquot of CS 2, drop-coated onto the sample stub, and the solvent allowed to 
evaporate. The time delay between the desorption and ionisation lasers was set to 4 
ts. A static ion extraction field was employed. 
The resulting 266 nm multiphoton ionisation laser mass spectrum obtained under 
"soft" ionisation conditions is shown in Figure 8-20. The signal to noise ratio of the 
nanosecond mass spectra were much better and easier to calibrate than the 
femtosecond photoionisation mass spectra due to the much lower laser intensity. 
Basically only the parent ion and fragment ions as low as C 40 were observed. No 
multiply charged fullerene ions or low mass fragment ions are seen. A number of the 
peaks, particularly that for C 60 , show a pronounced tail to higher mass, presumably 
due to delayed ionisation. Also noticeable is the markedly higher intensity for the 
C50 fragment ion compared to its neighbours. 
Figure 8-21 shows the mass spectrum obtained under harder ionisation conditions. 
Low mass peaks corresponding to C 2 , C, C2 and C3 are observed. A low intensity 
distribution of peaks separated by around 12 mass units can be seen in the correct 
region for doubly charged fullerene fragment ions, corresponding to C 2 group loss, 
with the most intense of these fragments being C 502 . The equivalent singly charged 
fullerene fragment ion is also the most intense and somewhat more prominent in this 
spectrum. The indication of doubly charged fullerene ions, albeit weakly, using 
nanosecond laser multiphoton ionisation at 266 nm casts some further doubt on the 
multiphoton-multiplasmon excitation scheme [15] discussed earlier for the 
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plasmon resonance would require the absorption of at least 9 photons at 266 nm 










200 	 400 	 600 	 800 	 1000 
mlz 
Figure 8-20: Mass spectrum obtained using IR laser (1.064 pm) desorption of C60 and 
postionisation via nanosecond ionisation at 266 nm under soft ionisation conditions. 
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Figure 8-21: Mass spectrum obtained as above, under hard ionisation conditions, with an inset 
of an expansion of the region of doubly charged ions from m/z = 210-370 
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8.6 Conclusions 
Over the last few years C 60 has turned out to be a prototypical species for studies 
of. decay processes in highly vibrationally excites (superhot) large molecules or 
tightly bound clusters. The interest in the various decay channels of highly energised 
C60 is due to the unique thermally activated processes observed: The emission 
(evaporation like) of C 2 units from the neutral molecule and the ion (C 60 (c)-). C 58 + 
C2 and C60 (c) -* C 58 + C2 respectively), delayed electron emission (thermionic) 
from neutral C 60 and black-body like photon emission. The well defined and highly 
symmetric structure and the very large data base accumulated for C 60 has made it a 
prefrerred species for the study of these nearly thermal processes in finite systems. 
The original motivation for the present collaborative work with the University of 
Rostock was to investigate the behaviour of C 60 and some other large molecules, such 
as tryptophan, in intense optical laser fields. In this work new data has been obtained 
for the fullerenes C 60 and C 70 both for infrared laser activated processes (pulsed CO 2 
laser at 10.6 jim) as well as the combination of infrared and intense (I 1018  Wcm2) 
femtoseond laser excitation. 
Delayed ionisation of C 60 and C70 was observed whilst employing only the CO 2 
laser for desorption. This delayed ionisation manifested itself in the form of a broad 
peak in the time-of-flight spectra near the expected position of the parent ion, which 
had an extremely pronounced decay tail to higher mass. By altering the time delay 
between the CO2 laser pulse and the trigger pulse for the ion extraction optics 
different parts of the decay profile could be sampled. 
The decay profiles are a rather complicated convolution of a number of functions. 
Firstly, pulsed laser desorption from solid fullerene targets will produce gas-phase 
fullerenes with a range of translational velocities and internal energies. The effect of 
this can clearly be seen in the spectrum shown in Figure 8-6. This spectrum, 
corresponding to sample desorption at higher CO 2 laser fluence, shows clear 
evidence of evaporative loss of C 2 in addition to delayed ionisation. Secondly, the 
sampling window of the time-of-flight mass spectrometer is also restricted, all the 
more so as sampling of product ions is carried out in a direction at right angles to the 
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original velocity vector of the desorbed neutrals. Both these factors mean that in 
order to extract any quantitative data from the decay profiles it will be necessary to 
mathematically model and deconvolute these effects. However, qualitatively, for 
comparable CO2 laser fluence, it is clear that the decay profile for C 70 (Figure 8-7) is 
markedly more bimodal and also decays more slowly than that for C 60 (Figure 8-5). 
Recent work by Kolodney et al [33] using a novel high temperature ceramic oven 
has enabled the production of highly vibrationally excited C 60 in effusive or 
supersonic beams, with average vibrational temperature of 10-20 eV. They have 
monitored the kinetics due to the various decay processes mentioned earlier for a 
large range of internal temperatures (T = 1100-1950 K) by mass spectrometric 
methods, and have derived a single set of independently measured parameters that 
can uniquely reproduce all their experimental observations with thermal kinetics 
models. They have concluded that the correct parameters for describing the thermally 
activated decay kinetics of superhot C 60 are activation energies of E 0 = 4.3-4.8 eV for 
the neutral fragmentation channel ion C 60 (6)-* C58 + C2 and E0 = 4.0-4.3 eV for the 
ion fragmentation channel C 60 
 () 
-* C58 + C2 . They have also determined an 
emissivity coefficient for black-body like emission. On the basis of their data they 
conclude that radiative black-body cooling is dominant below 2100 K, C 2 emission 
from neutral C 60 is the dominant energy loss mechanism in the region 2100-4200 K, 
and above 4200 K thermionic emission gradually takes over. Clearly, activation of 
C60 using pulsed CO 2 laser desorption from solid fullerene samples is a very non-
equilibrium process, and therfor it may not be appropriate to use some of these 
reported activation energies in attempting to deconvolute the present data. 
Following these initial experiments, the femtosecond laser was used to directly 
photoionise the laser desorbed thermally excited C 60 molecules. This arrangement 
was quite different to most other experiments which have used an effusive beam to 
generate C 60 in the gas-phase. Fragmentation of the molecular ion due to the loss of 
several C 2 units was seen for both fullerenes, as well as doubly and possibly triply 
charged fullerene ions. Low mass peaks were observed, corresponding to singly, 
doubly and triply charged carbon atoms as well as peaks due to carbon cluster ions 
C2 to C 15 . Two effects of femtosecond laser excitation were investigated; variation 
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of the pulse energy and variation of the pulse length. Increasing the pulse energy (28 
mJ cf. 21 mJ) produced a much higher intensity of singly and doubly charged 
fullerene ions (due to successive C 2 loss) together with more low mass cluster 
fragment ions. Increasing the pulselengths (500 fs cf. 150 fs) resulted in a very 
marked drop in the multiply charged fullerene ion signal. 
The ion peaks in these femtosecond laser photoionisation mass spectra are very 
broad or sometimes split into doublets. As mentioned in Section 8.4 this could 
possibly be due to a marked fragment recoil anisotropy. An alternative, but 
somewhat less interestng explanation is that the peak splitting, which does appear to 
vary with the position of the femtosecond laser focus in the ion source region (see 
Figure 8-2), could be an artifact due to the perturbation in the field gradient caused 
by the sample target holder. This was positioned a few millimetres below the plane 
containing the femtosecond laser beam and the ion extraction axis of the time-of-
flight mass spectrometer, and was pulsed up to a potential intermediate between that 
of the repeller (4 kV) and the first shield ring (3.92 kV). 
If this peak splitting is due to a pronounced fragment recoil anisotropy arising 
from strong field alignment, then this effect was not observed in the earlier 
femtosecond laser ionisation experiments by Hunsche et al [15] on C60. However, no 
information on the direction of the polarisation vector of the femtosecond laser 
relative to the time-of-flight analyser axis was given in this paper. They also used an 
effusive source, at 600-700 K, to generate the C 60 target, which would have had a 
considerably lower internal energy than that of the C 60 target produced in this work 
via infrared laser desorption. 
Subsequent comparative experiments were carried out on C 60 employing 1.064 tm 
nanosecond pulses for laser desorption and 266 nm nanosecond pulses for laser 
postionisation. In these spectra, under soft ionisation conditions, the parent ion of C 60 
was observed with a decay tail to higher mass probably due to some delayed 
ionisation, although the extent of this decay tail was not as marked as in the earlier 
experiments. Fragmentation of the parent ion due to loss of C 2 units was seen down 
to C40 : the peak corresponding to C 50 was particularly intense due to the inherent 
stability of this cluster ion. No doubly charged ions were observed and very few low 
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mass carbon cluster fragment ions were present. However, under harder ionisation 
conditions, a realtively weak signal due to doubly charged fullerene ions could be 
clearly seen, accompanied by an increased intensity of the low mass carbon cluster 
ions. 
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Chapter 9 
Conclusions and Future Work 
The work presented in this thesis has described the successful development of a 
laser mass microscope, capable of performing high spatial resolution mass analysis 
(10 tm for a desorption wavelength of 532 nn), with extremely high sensitivity (0.7 
x 10" mole per shot for coronene). Rapid sample exchange has been made possible 
by incorporation of a differentially pumped load-lock; accurate sample positioning 
and scanning via by a precision computer controlled XYZ translation stage. The 
range of molecules amenable to two-step laser mass spectrometry has been extended 
to include non-aromatic molecules, containing no UV chromophore, by using 
femtosecond lasers for photoionisation. Preliminary mapping experiments, including 
sensitive single-fibre analysis have been performed. 
The techniques used for characterisation of the instrument in terms of mass 
resolution, spatial resolution and detection sensitivity are described in Chapter 4. The 
spatial resolution is determined by the spatial size of the desorption laser focus, and 
was found to be 40 tm for an JR CO 2 laser (10.6 jim), 15 jim for the fundamental 
wavelength of a Nd:YAG laser (1064 nm) and less than 10 jim using the second 
harmonic output of a Nd:YAG laser (532 nm) employing the same optical 
configuration inside the sample chamber. Mass resolution was typically 1400 for 
experiments involving nanosecond laser multiphoton ionisation at 266 nm using an 
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unfocused apertured beam diameter of 2 mm, and 2200 for the femtosecond laser 
photoionisation studies. This greater mass resolution was the result partly of a 
reduction in the temporal width over which ions were formed, due to the shorter 
pulselength, but principally due to the smaller ionisation volume using the tightly 
focused femtosecond laser. A detection limit of 0.7 attomoles/shot was measured for 
coronene and 0.2 attomoles/shot for tryptophan. The detection limits were obtained 
using 1064 nm laser desorption and nanosecond laser multiphoton ionisation. They 
no doubt could be further improved on by using tunable laser excitation for 
resonance-enhanced multiphoton ionisation or possibly even femtosecond laser 
ionisation. 
Initial mapping experiments in one dimension have been carried out and are 
described in Chapter 5. An electrospray sample deposition apparatus was designed 
and this technique of sample preparation was shown to be significantly superior to 
the traditionally used method of drop-coating. Electrospray deposition led to far more 
homogeneous sample coverage on the stainless steel sample stub, which was very 
important in scanning experiments in order to minimise shot-to-shot fluctuations in 
the desorption signal. Preliminary experiments involved electrospraying half of the 
sample stub with a compound, such as coronene or tryptophan, which gave a steady 
ion signal and scanning the sample probe whilst keeping the position of the 
desorption laser focus fixed. Precise control over movement of the sample probe was 
achieved by using a computer controlled XYZ manipulator. The manipulator has a 
resolution of 2.5 tm, and can be programmed to run at a range of slew velocities, but 
normally a velocity of 5 steps per second was used for most scanning experiments. 
The frequency scan mode of Thor (the software program used in conjunction with the 
CAMAC-based experimental control and data acquisition system) could be used to 
collect the intensity of chosen ion flight times, i.e. masses, as a function of various 
time delays. However, as explained previously, serious corruption problems, either 
with the in-house written software, or with the CAMAC data-transfer lines 
developed. Due to this, a digital storage oscilloscope was used to collect mass spectra 
at certain time intervals, and the integrated peak areas for the masses of interest were 
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determined. These intensity values were plotted as a function of the distance moved 
across the sample stub to produce a line scan. 
Multi-component samples were prepared and scanned to demonstrate how the 
mass spectra varied as the sample probe containing strips of these different 
components was translated underneath the desorption laser beam. It was also possible 
to perform some single-fibre analyses on cotton substrates. A swatch of cotton was 
partially dyed with coronene and a single fibre was removed with tweezers. The 
presence of the coronene was monitored whilst scanning part of the length of the 
fibre. Some of the factors arising from the desorption process, such as the effect of 
sample thickness and the possible disadvantages of using photochemically active 
desorption wavelengths in the UV are discussed in Chapter 5. 
Chapter 7 describes the results of a series of novel experiments undertaken to 
investigate the advantages, if any, of using intense femtosecond laser radiation (50 fs, 
750 rim, as well as the frequency doubled wavelength of 375 nm) for the 
photoionisation of large, polyatomic molecules. 
It can be concluded from this work that femtosecond photoionisation is a very 
efficient ionisation technique for many large molecules and results in enhanced 
sensitivity for molecules such as tryptophan. It would appear to have very good 
potential in the study of aliphatic molecules which are not efficiently ionised by 
conventional UV laser sources and therefore have to be studied by techniques such as 
SPI which is very difficult to carry out experimentally. Obviously the high cost of 
femtosecond laser systems is a drawback, but these systems are coming down in 
price all the time and laboratories can employ their existing dye lasers for 
amplification purposes. 
To date, femtosecond lasers have mainly been used to study the ionisation 
processes of atoms or small diatomic or triatomic molecules in strong laser fields. Of 
the little work published on larger, polyatomic systems, none has employed the use 
of such long wavelength, short pulse laser radiation on the molecules investigated 
here. The first conclusion which can be drawn from this work is that there are a large 
range of analytically interesting molecules which can be successfully ionised using 
intense, femtosecond laser pulses. It appeared to serve as a more general ionisation 
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technique than the traditionally used multiphoton laser ionisation processes which 
generally require a resonant or near-resonant excitation step usually in the ultraviolet 
region, yet was capable of producing very easily interpretable spectra, under both soft 
and hard ionisation conditions. 
The mechanisms for femtosecond laser ionisation are still very much under 
debate, with several theories being considered. Possibly, conventional multiphoton 
ionisation for lower laser intensities (:! ~ 1012  Wcm 2), tunneling ionisation in an 
intermediate region (1012  to loll  Wcm 2) and barrier suppression ionisation in the 
highest laser intensity region ( ~: iO' Wcm 2). It may be possible to determine the type 
of ionisation mechanism, quantitatively, by employment of the Keldysh or 
adiabaticity parameter (see Chapter 6). If the calculated value of this parameter is 
much less than unity, then a tunneling or barrier suppression ionisation mechanism is 
thought to be more likely, whilst a value much greater than unity usually signifies a 
multiphoton process. The Keldysh parameter calculated for the femtosecond laser 
photoionisation conditions used to record the spectra of NiOEP, was found to be 0.6, 
which although less than one, is not significantly less than one, as a tunneling or 
barrier suppression mechanism should be. The reason for this uncertainty can be 
most likely be put down to the fact that this parameter was introduced in relation to 
atoms and diatomic molecules, not to large, polyatomic molecules such as those 
studied here. The femtosecond laser intensities employed in this work were on the 
order of 1013  Wcm 2 . 
The effect of varying the photoionisation laser pulse length was investigated and 
was found to be very marked for the metalloporphyrins, especially nickel 
octaethylporphyrin. This macrocycle exhibited very different fragmentation patterns 
following irradiation with 50 femtosecond and 3 picosecond laser pulses at 750 nm, 
with the spectra obtained using picosecond excitation exhibiting a greater degree of 
fragmentation under a similar photon flux. This was ascribed to there being more 
time for energy redistribution on the longer time scale. No signal was observed 
employing nanosecond pulses at 750 nm from the same laser system. Doubly 
charged molecular ion signals and fragment ions were observed in the femtosecond 
laser photoionisation mass spectra of NiOEP and CuOEP, with the fragmentation of 
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the doubly charged molecular ion being more extensive than that of the singly 
charged parent ion. In the low mass region of these spectra peaks due to the isotopes 
of the displaced central metal ions could also be seen. 
It was concluded that photoionisation of the porphyrins occurred via a 2+2 
multiphoton process through the Soret band as the intermediate state. The mass 
spectra obtained bore a strong resemblance to those obtained in previous studies from 
this laboratory using a 193 nm 1+1 multiphoton ionisation scheme. The Soret bands 
for the octaethylporphyrins lie closer to the requisite two-photon (2 x 750 nm 
photons) energy than those of the tetraphenylporphyrins, and also generally show 
greater signal to noise ratios than the corresponding spectra obtained for the TPP's. 
Studies were also carried out using the second harmonic of the femto second laser 
system (375 nm) at the Rutherford Appleton Laboratory. It was also possible to 
record a mass spectrum for CuOEP, exhibiting both a molecular ion peak and 
fragment ions, using excitation with nanosecond pulses at 375 nm. This was not 
possible for nanosecond excitation at 750 rim, suggesting that a 1+1 multiphoton 
ionisation process at 375 rim via the Soret band (at 387.5 nm for CuOEP) was more 
favourable. 
The potentially wide applicability of near-infrared femtosecond laser 
photoionisation was demonstrated in the study of the non-aromatic amino acids, 
lysine, glycine and arginine. Conventional multiphoton ionisation at UV wavelengths 
is generally only applicable to molecules having a UV chromophore, hence 
somewhat limiting the range of analytically interesting molecules which can be 
studied. Despite the long wavelength employed (750 rim) it was possible to 
efficiently photoionise these amino acids resulting in intense ion signals, including 
molecular ions for glycine and lysine. The spectra for all three molecules bore a 
strong resemblance to the corresponding electron impact spectra. 
The high ion yields obtained using femtosecond laser ionisation at 750 nm was a 
rather surprising result. For example, at the threshold for molecular ion production of 
tryptophan, the absolute ion signal intensity measured on a digital storage 
oscilloscope in millivolts, was much higher than that obtainable using multiphoton 
laser ionisation at 266 nm. Tryptophan gave such an intense, stable signal that it was 
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used to carry out preliminary power dependence measurements in order to try and 
identify the mechanism of femtosecond ionisation. Tryptophan has an ionisation 
potential of 7.2 eV, requiring energetically a minimum of five 750 nm photons for 
ionisation. The experimental data plotted as the logarithm of the molecule ion 
intensity versus the logarithm of the laser intensity was linear with a gradient of 4.4 ± 
0.4. This indicates that 4 photons are required for ionisation of tryptophan although it 
is difficult from the limited data available to be sure of this, or whether in fact a value 
of five photons is experimentally more accurate. There were also some shot-to-shot 
fluctuations in the ionising laser power, leading to inaccuracies. It has been reported 
that if a number greater than the expected value is found, then a tunnelling 
mechanism may have importance, due to the extra energy required to overcome the 
ponderomotive force of the strong laser electric field. These preliminary results are 
indicative of a multiphoton ionisation process. 
It has also been demonstrated that it is possible to photoionise large biological-
type molecules and polymers with infrared femtosecond laser pulses. The results 
obtained for hemin and chlorophyll a are described in Chapter 7. It is problematic to 
ionise some large molecules by multiphoton techniques, especially those of the non-
aromatic variety. This problem was addressed by using both femtosecond and single-
photon ionisation (SPI) on an aliphatic polymer, polydimethylsiloxane. Extended 
fragmentation is a problem, shown by the MPI mass spectrum recorded using 
nanosecond pulses at 266 nm (see Figure 7-42). This was found to be less of a 
problem when using femtosecond laser pulses. Comparisons were made using both 
these photoionisation schemes against mass spectra recorded in earlier work from 
this group using single photon vacuum ultraviolet laser ionisation. Although no 
calculations of the average molecular weight distributions could be made, useful 
information such as the identity of the end group and the polymer repeat unit was 
obtainable using both nanosecond ultraviolet and femtosecond near-infrared laser 
multiphoton ionisation schemes. 
Chapter 8 describes a rather different study on the interaction of the fullerenes, C 60 
and C701 with an intense laser field. The femtosecond laser system used in these 
studies was found at the University of Rostock and was capable of outputting much 
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more intense laser pulses (I ge 1018  Wcm 2 ) than the RAL femtosecond laser system (I 
iO Wcm 2) which was used for the other femtosecond photoionisation studies 
reported in Chapter 7. The aim of this work was to investigate the response of large 
molecules and clusters in intense laser fields. Extensive new data on C 60 and C70 has 
been recorded. 
Whilst carrying out these experiments, a further phenomenon involving the effect 
of the CO 2 desorption laser alone on the fullerenes was observed. This corresponded 
to CO2 laser induced delayed ionisation and was investigated in more detail before 
proceeding with the femtosecond ionisation studies. Subsequent to this, multi-
ionisation and fragmentation using strong field femtosecond laser postionisation of 
infrared laser desorbed C 60 and C70 was observed. Preliminary data has been 
presented using different pulse energies and pulselengths which is at variance with a 
previous experiment [1] in which a multiphoton multiplasmon excitation scheme was 
invoked. 
Finally, some strong field femtosecond laser photoionisation data have also been 
recorded for infrared laser desorbed tryptophan. An example of such a spectrum is 
shown in Figure 9-1. Although peaks near to the expected molecular ion (mlz = 204) 
and dehydroindole fragment (mlz = 130) can possibly be identified, it has not yet 
proved possible to properly assign the mass spectrum which is much more 
complicated than that obtained using less intense femtosecond photoionisation (see 
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Figure 9-1: Mass spectrum of tryptophan using femtosecond photoionisation at 800 nm with 
150 fs pulses, 25 mJ/pulse 




The potential of laser desorption photoionisation for the spatially resolved 
chemical analysis of molecular species has been clearly demonstrated. The next stage 
of development of the laser mass microscope would be to extend the present work to 
2-dimensional molecular mapping, possibly involving some depth profiling. It has, 
however, become apparent that running the experiment at a repetition rate of 10 Hz 
greatly reduces the capability of producing molecular maps with an equivalent 
number of pixels with such techniques as SIMS. The time required for such an 
experiment is enormous and at the moment impractical. This is difficult to overcome 
due to extremely fast sample depletion at a desorption laser repetition rate 
considerably greater than 10 Hz. A chemical imaging SIMS instrument employing a 
liquid metal ion gun (LMIG) which is capable of operating at a repetition rate of 5 
kHz, has recently been reported [2]. However, the neutral species are postionised 
with a laser, which leads to an increase in the data acquisition time due to the lower 
laser repetition rate. 
Perhaps the next step forward for spatially resolved mass analysis would be to 
combine the topographical capabilities of a near-field scanning optical microscope 
(NSOM) with the chemical analysis capabilities of laser mass spectrometry. An 
instrument of this kind has very recently been reported [3]. The spatial resolution of 
this instrument is around 1 .tm, but the mass range has not yet been fully 
investigated. 
It would also be useful to apply the technique to more 'real-life' examples. 
Mapping experiments such as this could be carried out using femtosecond laser 
ionisation to benefit from enhanced detection sensitivity. Also, the more fundamental 
areas concerning the mechanism of femtosecond laser ionisation and the Coulomb 
explosion of charged clusters could be investigated. The power dependence studies 
described here, were very preliminary. Indeed all of the femtosecond work was a first 
attempt to ascertain whether intense, ultrashort pulses were a viable option for the 
photoionisation of large molecules. Now this has indeed been proved to be the case, 
many pathways have been opened. One of these may be to investigate the possibility 
for quantification of species such as the polycyclic aromatic hydrocarbons, which are 
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present as environmental toxins. It has previously been difficult to quantify species 
such as these using multiphoton techniques, due to the different absorption 
coefficients of each individual PAH. If it were proved that PAll's ionised by 
femtosecond pulses via a non-multiphoton technique, e.g. tunelling or barrier 
suppression ionisation, then it is possible that all PAH's would exhibit a more 
uniform response. 
Another exciting avenue is the possibility of searching for more relevant 
biomarkers, such as amino acids in meteorites [4] in the light of the recent discovery 
of PAH's in such objects. Also clearly there are many further potential applications 
in the fields of geoscience, forensic science and surface science. 




S. Hunsche, T. Starczewski, A.l'Huillier, A. Persson, C-G Wahistrom, B. van 
Linden van den Heuvell, S. Svanberg, Phys. Rev. Left., 77 10 (1996) 1966 
R.M. Braun, P. Blenkinsopp, S.J. Mullock, C. Corlett, K.F. Wiley, J.C. 
Vickerman, N. Winograd, Rap. Comm. Mass Spectrom., 12 (1998) 1246 
D.A. Kossakovski, S.D. O'Connor, M. Widmer, J.D. Baldeschwieler, J.L. 
Beauchamp, Ultramicroscopy 71 (1998) 111 
S.J Clemett, X.D.F Chillier, S. Gillette, R.N Zare, M. Maurette, C. Engrand, G. 
Kurat, Origins Life Evol. Biosphere 28 4-6 (1998) 425 
Appendix A 
Courses and Conferences attended 
In accordance with the regulations of the Department of Chemistry, University of 
Edinburgh, I have attended the following courses during my period of study: 
MaxEnt 
Chemometrics 
Laser Physics 1 
Laser Physics 2 
Laser Spectroscopy 
C Programming 
Introduction to Windows 95 
Laser Spectroscopy Summer School; UEA, Norwich, 1997 
Postgraduate Lectures 
In addition I have attended the Laser Chemistry research group meetings and the 
Physical Chemistry research group seminars. 
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NEAR INFRARED FEMTOSECOND PHOTOIONISATION OF LARGE MOLECULES 
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INTRODUCTION 
Lasers are now routinely used for molecular photoionisation, in 
various forms of optical spectroscopy and mass spectrometry. 
The use of ultralast lasers for photoionisation is attracting 
increased attention. In the case of sub-picosecond laser 
ionisation the mechanism of photoionisation is not necessarily 
obvious. Several possibilities exist, such as multiphoton 
ionisation, tunnelling ionisation and barrier suppression . 
The majority of previous femtosecond laser ionisation studies 
have been carried out on atomic, diatomic or small polyatomic 
systems. Ledingham and Singhal have recently reviewed work 
in the field of ultrafast laser mass spectrometry 2)  One problem 
in extending studies to much larger molecules is their 
involatility and/or thermal lability. This problem can be 
circumvented by the use of laser desorption for sample 
introduction into the gas-phase. The only previous reported 
work using this approach is that of Weinkauf et a! and Aicher 
et a! 4)  who carried out comparative measurements of 
nanosecond versus femtosecond laser photoionisation for 
several amino acids and peptides. In their studies laser 
wavelengths in the UV, near 255 nm, were employed and the 
shortest pulse duration was 500 fs. 
Presented here are preliminary results on the femto- and 
picosecond photoionisation of a group of metalloporphyrins 
and some other biologically important molecules such as amino 
acids and chlorophyll-a. These studies were carried out using 
near infrared laser radiation at 750 tim using pulse lengths as 
short as 50 fs. 
EXPERIMENTAL 
A nanosecond pulsed infrared CO 2 laser (A.=10.6 gm) was used 
for volatilisation of intact neutrals. Ionisation was carried out 
using a chirped pulse amplified femtosecond laser system 
(X=750 nm, At=50 fs). The near infrared wavelength used is 
much longer than those commonly employed in near-resonant 
nanosecond photoionisation studies. 
Fig. I Schematic diagram of apparatus 
Picosecond (t =2 ps) and nanosecond (t =3 ns) pulses at 750 
nm were generated on the same system and used for 
comparative photoionisation measurements. Product photoions 
were mass analysed using a reflectron time of flight mass 
spectrometer. Time-of-arrival waveforms were acquired using a 
500MS/s digital storage oscilloscope. 
RESULTS 
Metalloporphyrins are macrocyclic compounds that are of 
importance in geology and biochemistry. Figure 2 shows the 
mass spectrum obtained following photoionisation of copper 
octaethylporphyrin (CuOEP) using 750 nm laser radiation with 
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Fig. 2 Mass spectrum for CuOEP: X=750 nm, 50 fs pulse length 
50 fs pulse duration. The mass spectra obtained for nickel 
octaethylporphyrin (NiOEP) using photoionisation at the same 
wavelength with femto-, pico-, and nanosecond laser pulse 
lengths are shown in Figure 3. 
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Fig. 3 Mass spectra for NiOEP using ns, ps, and fs pulse lengths 
A remarkably strong molecular ion signal is observed in the 
femtosecond photoionisation mass spectra for both nickel and 
copper octaethylporphyrin at this laser wavelength. Indeed the 
molecular ion signals are the base peaks in the spectra for both 
molecules. Fragmentation, due to successive methyl group loss, 
is markedly more prominent with increasing laser pulse 
duration, as can be seen from the picosecond mass spectrum for 
NiOEP. No significant parent ion signal was observed at 750 
nm using pulses of nanosecond duration. The peak at mlz=535 
in the spectrum of CuOEP is due to the free base OEP itself, 
present as an impurity in the sample. 
Surprisingly, the femtosecond photoionisation mass spectra of 
both CuOEP and NiOEP also exhibit peaks due to the doubly 
charged molecular ions, present at half the mass-to-charge ratio 
of the corresponding singly charged molecular ion. Also present 
are doubly charged fragment ions. Interestingly, fragmentation 
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of the doubly charged molecular ions is more extensive than 
that observed for the singly charged molecular ions. Similar 
behaviour has been previously observed in electron impact 
mass spectra of metallo octaethylporphyrins . 
The highest laser power density that has been employed in these 
studies (1012.13  Wcm) is in the regime where a tunnelling 
ionisation mechanism might be operative. The characteristic 
fragmentation pattern of successive methyl group loss observed 
in the mass spectra resembles that seen in previous nanosecond 
photoiomsation studies at UV wavelengths 6)  Moreover, the 
high parent ion yield at this relatively long wavelength is 
suggestive of a multiphoton ionisation process, perhaps near 
resonantly enhanced at the two-photon level. 
As well as these metallo OEP's other biologically important 
molecules were also examined. Figure 4 shows the femtosecond 
photoionisation mass spectrum obtained for chlorophyll-a. This 
compound is a porphyrin found widely in natural systems and is 
the principal photoreceptor in plant material. 
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Figure 6 shows the femtosecond mass spectrum obtained for an 
aromatic amino acid, tryptophan. The mass spectrum for this 
molecule again exhibits a clear molecular ion peak, at m/z=204, 
together with an intense peak at m/z= 130 due to the 











Fig.4 Femtosecond laser mass spectrum of chlorophyll.a 
No parent ion signal is observed in the spectrum. The peak at 
m/z=615 is a fragment corresponding to loss of the long phytyl 
hydrocarbon side-chain. The base peak in the spectrum, at 
m/z=482, corresponds to further loss of the [CH 300C] group 
from ring 5. Also studied were various amino acids. Figure 5 
shows the femtosecond mass spectrum obtained for glycine. 
This molecule does not contain a UV chromophore and hence is 







Fig.5 Femtosecond laser mass spectrum of glycine 
The mass spectrum exhibits a clear peak due to the molecular 
ion, at m1z=75, as well as two prominent peaks at m/z=30 and 
45 corresponding to the fragment ions resulting from cleavage 
of the C-C bond. 
These initial studies have demonstrated the feasibility of using 
near infrared femtosecond laser radiation for photoionisation of 
large polyatomic molecules. Further work is required in order to 
conclusively identify the ionisation mechanisms in operation at 
these laser fluences and wavelength. Detailed laser power 
dependence studies might enable the order of the ionisation 
processes, i.e. the number of photons required for ionisation, to 
be identified. An order significantly exceeding that expected for 
resonant ionisation would be suggestive of a tunnelling or 
barrier suppression ionisation mechanism. 
It would also be of interest to extend these measurements into 
the UV using the second and higher harmonic output from the 
femtosecond laser system. Preliminary femtosecond 
photoionisation studies of metallo OEP's have been carried out 
at 375nm but the pulse energy available was extremely low. The 
recent upgrade to the system should make such future studies 
considerably easier. 
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Fig.6 Femtosecond laser mass spectrum of tryptophan 
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